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CHAPTER 1. INTRODUCTION
High temperature electrochemical energy conversion and storage technologies are
great assets in the race toward minimizing the environmental impact of anthropogenic
activities, especially those stirred from combustion-based technologies 1. An interesting
class of such technologies are high temperature solid-state electrochemical devices known
as solid oxide electrochemical cells (SOCs). SOCs are ceramic-based electrochemical
systems that operate at a high temperature regime of 700 - 1000°C, facilitating favorable
reaction kinetics and thermodynamics, making these systems highly efficient. They are also
greatly scalable and fuel flexible 2-3.
In the current scenario where energy consumption relies mostly on fossil fuels,
which leads to constant rise in atmospheric CO2 levels4, an approach to alleviate the excess
CO2 generated is to convert it into high-energy molecules, such as CO. This can be
efficiently achieved through the use of solid oxide electrolysis cell (SOEC) – a SOC
designed to facilitate the electrochemical reduction of CO 2 to CO using energy from
renewable sources. In addition to CO2 reduction, co-electrolysis with H2O in SOECs has
shown promise for generation of synthesis gas (CO + H 2), a valuable precursor for the
synthesis of synthetic fuels using well-established technologies, such as Fisher-Tropsch 58

.
Although beneficial in certain respects, the high operating temperatures of these

devices present challenges for proper engineering of these systems. For instance, from a
catalysis perspective, whilst high temperatures promote fast reaction rates due to favorable
kinetics, they limit the choice in electrocatalytic materials (the electrocatalyst makes up a
large part of the electrode because in most cases it also provides electronic conductivity),
leaving a wide-range of promising catalytic systems outside of the scope of choice, due to

2

their unfavorable thermal expansion properties. Therefore, nanoengineering electrodes in
such a way that nanocatalysts are supported on ionic conducting backbones emerges as an
indispensable tool toward the advancement of electrode kinetics in SOCs. This approach
provides avenues for (i) maximizing the performance of the current state-of-the-art catalytic
materials (i.e., Ni), and also (ii) expanding upon the catalytic materials of choice for SOC
electrodes, otherwise hindered by mechanical and thermochemical (i.e., solid state
reactions and sintering) limitations inflicted by the harsh conditions traditionally used for
fabricating SOCs. Furthermore, it is well-established in catalysis science that changes in
catalytic particle characteristics, (i.e., nature, morphology and interactions with support)
can enable a new dimension of activity, selectivity and, stability for a given system 9.
Therefore, rational design of SOC electrode electrocatalysts can strategically improve the
electrode performance by lowering the kinetic barriers associated with limiting electrode
reactions through creation of more catalytically interesting surface sites on electrocatalyst
nanoparticles (NPs).
In this scenario, our interests have focused on obtaining a fundamental
understanding of the limiting steps that govern the target SOC electrode reactions and this
understanding is used to develop structural/compositional-performance relationships that
can guide the design of optimal electrode electrocatalysts that facilitate low-temperature
operation of SOECs with high efficiency. In this dissertation, I discuss approaches in
overcoming some of the challenges related to the electro-kinetics at the oxygen and fuel
SOEC electrodes. Initially, challenges related the oxygen electrode are addressed by
incorporation of nanostructured complex mixed metal oxide (A2MO4+δ structure)
electrocatalyst with promising activity toward oxygen exchange process (i.e., evolution
reaction (OER) and oxygen reduction reaction (ORR)). Later, overpotential losses
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associated with the electrochemical reduction of CO2 are tackled through a systematic study
of the factors that govern these losses on different transition metal-based cathode
electrocatalysts. We focus on the electrochemical reduction of CO 2 since it is the ratelimiting process during the co-reduction of CO2 and H2O.
Below, I describe in detail the relevant background related to SOC systems, along
with the kinetics at the oxygen electrode described by the electrocatalytic oxygen exchange,
and those at the fuel electrode related to CO2 reduction. Concurrently the windows of
opportunity and the rationale for new electrocatalyst designs proposed in this dissertation
are discussed.
1.1

Solid Oxide Cells: Principles, Electrode Components and Kinetics
In general, a SOC is composed of two electrodes (anode and cathode) and a solid-

state electrolyte 10-11 (Figure 1.1). When operating in fuel cell mode (known as solid oxide
fuel cell – SOFC), the energy from the chemical bonds of high-energy molecules (e.g.
hydrogen or hydrocarbons) is converted into electrical energy. Figure 1.1a depicts a
schematic of the reactions in a SOFC. In this cell, the ORR occurs at the cathode, which
involves reduction of molecular oxygen to its ionic state (O2-) in the presence of 2 electrons
(2e-). Driven by the difference of potential between the two electrodes, oxygen ions are
transported through the electrolyte, from the cathode to the anode, where they oxidize the
fuel. In Figure 1.1a, we display H2 oxidation as a model reaction, but a number of other
fuels can be oxidized in SOFCs including CO, CH4, and other hydrocarbons 12-17. In reverse
mode – when a potential is applied to the SOC (known as SOEC) – electrolysis or
electrochemical reduction of molecules occurs, facilitating the storage of the applied
electrical energy in chemical form. For instance, SOECs can convert stable molecules, such
as H2O,into high-value H2 fuel (Figure 1.1b)18. Co-reduction of molecules, as in the case
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of CO2 and H2O, can also be facilitated, leading to formation of a valuable mixture of CO
and H2 (Figure 1.1c). This process provides a promising first step toward recycling of
CO2 into the production of synthetic fuels via coupling with established processes, such as
Fischer-Tropsch 5-8, 19-22.

Figure 1.1. (a) SOC operating in fuel cell mode. In the model reaction, electrochemical
reduction of O2 occurs at the cathode, while H2 oxidation at the anode. (b) SOC operating
in electrolysis mode.
In the model reaction, an input potential drives the electrochemical reduction of
H2O to H2 and O2- at the cathode. O2- ions are transported through the electrolyte and
evolved as O2(gas) at the anode. (c) SOC operating in electrolysis mode during the coreduction of CO2 and H2O (cathode). Inset depicts the electrode’s 3PB zone.
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Electrochemical reactions in SOCs occur at the triple phase boundary(3PB), the
electrochemically active area of the electrode 18 (Figure 1.1c). Given the solid-state nature
of SOCs, the complexity of the 3PB, and the high temperature operating conditions, the
prerequisites for an ideal SOC electrode include: (i) high electrocatalytic activity, (ii) high
thermochemical stability, (iii) high electronic conductivity, as well as (iv) high ionic
conductivity, and (v) sufficient porosity to ensure proper gas/vapor diffusion. Furthermore,
chemical and thermal expansion compatibility with adjacent cell components are key for
enhancing stability at elevated temperatures. Therefore, the current state-of-the-art choices
for SOC electrodes comprise of yttria-stabilized zirconia (YSZ) as the ionic conductor
material owing to its good ionic conductivity and thermal stability at high temperatures;
Lanthanum strontium manganite (LSM) as electrocatalyst for the electrochemical oxygen
reactions at the oxygen electrode; and nickel (Ni) as the electrocatalyst for the fuel
electrode. It is noteworthy that the choice of materials that compose the state-of-the-art
electrodes represent a compromise among all the above-mentioned requirements for an
ideal electrode and, thus, the selection of the electrode catalytic materials is not purely
based on their electrocatalytic properties. This is a current drawback with SOCs, especially
in the scenario when lowering the operating temperatures is key at widening the application
of these systems. Therefore, development of strategies for incorporating highly efficient
electrocatalysts is key for achieving high electrochemical rates at intermediate temperatures
(< 700°C).
1.1.1

Electrode Kinetics

The electrochemical performance of a SOC is a measure of the deviation of the
operating cell potential (V) from the ideal thermodynamic potential (𝐸𝑁𝑒𝑟𝑛𝑠𝑡 ) required for
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a reaction to take place at given conditions (i.e., temperature and pressure), described by
the Nernst equation (equation 1.1):
𝑅𝑇

𝑃

𝐸𝑁𝑒𝑟𝑛𝑠𝑡 = 𝐸 𝑜 + 𝑛𝐹 + 𝑙𝑛 (𝑃𝑟 )
𝑝

(1.1)

where 𝐸 𝑜 is the standard potential of electrode, 𝑅 is the gas constant, 𝑇 is the operating
reaction temperature, 𝑛 is the number of electrons involved in the electrode reaction, 𝐹is
the Faraday’s constant, 𝑃𝑟 and 𝑃𝑝 are the partial pressures of reactants and products,
respectively. The operating potential is strongly dependent on the internal losses
(overpotentials, 𝜂) in a SOC, which comprises of the ionic and electronic resistances
(ohmic overpotentials, 𝜂 ohmic), mass transport resistances (concentration overpotential,
𝜂 conc), and the resistances related to the electrode reaction kinetics (activation overpotential,
𝜂 act). This relationship is described by equation 1.2:
𝑉 = 𝐸𝑁𝑒𝑟𝑛𝑒𝑠𝑡 − 𝜂𝑜ℎ𝑚𝑖𝑐 − 𝜂𝑐𝑜𝑛𝑐 − 𝜂𝑎𝑐𝑡

(1.2)

Given the general gas phase nature of the reactions, 𝜂 conc is less critical in SOCs
operating at moderate potentials and inlet streams composed of high partial pressures of
reacting species. In the case of 𝜂 ohmic, minimization of these losses has been achieved
through the introduction of thinner electrolyte layers and/or replacement of YSZ with
higher ion-conducting materials. On the other hand, activation overpotentials (𝜂 act) remain
a challenge especially for SOCs operating at intermediate temperatures. Obtaining
fundamental insights on the kinetics within the SOC electrodes can address this challenge
by guiding the identification of new electrocatalytic materials and/or designs that improve
electrode kinetics and minimize 𝜂 act at intermediate temperatures. Most of the work on
SOCs has focused on material development, with few and oftentimes contradicting works
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focused on reaction kinetics. Below, we briefly summarize the reported electrode
mechanisms proposed for reactions at the SOEC oxygen and fuel electrodes.
Kinetics at the oxygen electrode and opportunities: SOCs have extensively been
used in fuel cell mode, thus, to the date, electrode kinetic studies at the oxygen electrode
have mainly focused on ORR 23-26. Adler (2004) published a comprehensive review on the
ORR reaction mechanisms on different oxygen electrode materials 26. Generally, the most
relevant elementary steps for the electrochemical reduction of O 2 (1⁄2O2 + 2e− ↔ O2−)
involve: (i) molecular oxygen adsorption, (ii) catalytic or electrocatalytic O2 reduction, (iii)
diffusion of the intermediate oxygen species through the bulk (for oxygen conducting oxide
materials Figure 1.2a), surface or interface of the electrode material (for metals, Figure
1.2b), and (iv) transfer of these intermediate species through the electrocatalyst/electrolyte
interface. While precious metals represent ideal electrocatalytic options under the strong
oxidizing conditions at which this electrode operates, they are limited by cost. Nonprecious, mixed ionic-electronic conducting (MIEC) metal oxides, such as perovskites
(ABO3), double perovskite (A’AB2O5) and Ruddlesden-Popper oxides (A2BO3n+1) (Figures
1.2c-e), have emerged as promising materials for SOC electrodes due to their excellent
mixed ionic and electronic conductivities. Generally, ORR on mixed metal oxides is
governed by the process of surface oxygen exchange 27, which can be simply described by
four elementary steps: (i) formation of a surface oxygen vacancy through oxygen ion
diffusion in the bulk, (ii) dissociation of gas – phase O2 molecule on the surface, (iii) healing
of a surface oxygen vacancy, and (iv) evolution of lattice oxygen to gas – phase O2. Among
the most commonly used complex oxides, LSM is the state-of-the-art, mostly owing to its
thermochemical compatibility with the commonly-used YSZ electrolyte. The most
commonly ORR rate-limiting steps associated with LSM-based electrode are attributed to

8

the dissociative adsorption of oxygen and/or the transport of oxygen intermediates across
the LSM/ceramic oxide interface 26, 28-29.

Figure 1.2. Schematic illustrating the mechanism of electrochemical oxygen related
reactions on (a) mixed ionic and electronic electrocatalysts/composite, (b) metal
electrocatalysts. The pink and yellow represents the electrocatalyst and electrolyte/support,
respectively. Crystal structures of (c) simple cubic perovskite, (d) double perovskite, and
(e) Ruddlesden−Popper (R−P) oxide with alternating rock-salt and perovskite layers. The
cyan, orange, purple, and red spheres represent the A-site metal, A’-site metal, B-site metal,
and O atoms, respectively.
Distinct catalytic activity arises from different surface atomic configurations in
MIEC metal oxides. It is well stablished that the B-site cations are generally responsible
for catalytic activity, while the O–B–O bonds provide the electronic conductivity30-34.Thus,
maximizing the B-site metal concentration in the surface layer is strategic in order to
improve the overall electrochemical performance of the MIEC oxide-containing electrodes.
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However, the well reported phenomenon of surface restructuring in MIEC oxides35-47,
occurs under their calcination conditions (i.e., high temperature and oxidizing atmosphere),
limiting control over the oxide surface structure, consequently, resulting in a poor
estimation of electrocatalytic properties9, 30, 48. In this process, the difference in the cation
size acts as a driving force for segregation and formation of surface islands composed of
the oxide of the larger cation49, usually AO surface layers. Thus, in this dissertation, to
surpass the limitations imposed by the surface segregation of the AO, nanoengineering the
surface of MIEC is used leading to new dimensions of electrocatalytic activity for these
materials as SOC electrode electrocatalysts.
Kinetics at the fuel electrode and opportunities: In SOC fuel electrodes, a wide
range of electrode reactions are possible, such as H 2, CO or hydrocarbon oxidation, as well
as CO2 and H2O reduction. In this section, we will mainly focus on CO2 reduction, as it has
been shown that during co-reduction of H2O and CO2 on state-of-the-art Ni-based SOECs
fuel electrodes, CO2 reduction exhibits larger overpotentials than H2O electrolysis.50 As
such, CO2 electrolysis is suggested to be the rate-limiting step during this process. Density
functional theory (DFT) calculations performed in our group suggest that the CO 2 reduction
on Ni metallic surfaces - as well as on Ru, Co, Cu, Pd, Ag, and Au - takes place via the
direct electrochemical dissociation of CO2, in the presence of 2e-, to CO* on the metal
surface and O2- in the electrolyte (Figure 1.3, equations 1.3–1.4)51.
CO2 + * + 2e− CO* + O2−

(1.3)

CO* CO + *

(1.4)

Where the dissociation of CO2 (equation 1.3) is the rate-limiting step of the reaction
for the CO2 electrolysis. On the other hand, when more oxophilic metallic surfaces are
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considered (such as Fe, Mo, and W) the most favorable reaction mechanism become the
thermochemical dissociation of CO2 to CO* and O* on the surface of the metal catalyst,
followed by the removal of adsorbed O * from metal surface to the electrolyte via the
electrochemical reduction of O * to O2- in the presence of 2e- - being this last the reaction
rate-limiting step 51.
CO2 + 2* CO* + O*

(1.5)

O* + 2e− O2− + *

(1.6)

CO* CO + *

(1.7)

Figure 1.3. Schematic illustrating the mechanism of carbon dioxide reduction reaction in
the cathode of a SOEC via (a) thermochemical dissociation of CO2, and (b) electrochemical
dissociation of CO2. The blue and yellow represent the electrocatalyst and electrolyte,
respectively.
As such, the O binding energy was identified as a descriptor of the CO2
electrochemical reduction activity on the surface of different transition metals.

51

This

allowed the prediction of the activity of various metals toward electrochemical reduction
of CO2. It was found that among the non-precious metals, Co and Fe were more active than
Ni, due to their optimal binding of oxygen. However, metals such as Cu and Pd, were
predicted to have poorer activity when compared to Ni, due to weak oxygen bonding
properties. In this dissertation, the experimental assessment of the role played by the metal
oxophilicity in the electrocatalytic activity of electrochemical reduction of CO 2 is
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discussed. Based on the advantages and challenges associated with more oxophilic metal
electrocatalyst, approaches that would lead to more stable and active electrocatalytic
nanostructures for this process are discussed.
1.2

Scope of This Dissertation
This dissertation focuses on systematic kinetic studies that provide an in depth

understanding of the reaction mechanisms that govern the performance of SOEC
electrodes. We utilize this knowledge to guide the design of optimal electrode catalysts. In
the first part of the dissertation (chapters 3, 4 and 5) I discuss the SOEC oxygen electrode.
Through a combination of theory, synthesis of controlled mixed metal oxides catalysts with
well-defined surface structure and composition, state-of-the-art characterization
techniques, and thermochemical and electrochemical activity studies can provide important
insights on the underlying factors governing the surface oxygen exchange process on these
electrocatalysts. Secondly, I discuss the process of electrochemical reduction of CO2 and
the development of compositional/performance relationships to identify optimal
electrocatalysts that exhibit high rates and minimum overpotential losses for this process.
This dissertation is laid out as follows: In chapter 2, I present a comprehensive
description of all the experimental approaches (i.e., synthetical and characterization)
utilized in this research. In chapter 3, the effectiveness of combining theoretical and
controlled experimental approaches in engineering the surface structured complex layered
mixed metal oxides towards an improved O2 electrocatalysis process is showcased. In
chapter 4, the systematic electrochemical studies on the high temperature kinetics of
nanostructured La2NiO4+δ (LNO), by means of electrochemical impedance spectroscopy
(EIS) are discussed. Through these studies, the critical steps governing oxygen exchange
are discussed along with strategies in lowering the energy barrier (overpotential loses)
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associated with these steps. In chapter 5, I focus on developing design principles that can
be effective in identifying appropriate surface composition of nanostructured R−P oxides.
This study led to the identification of a highly active O2 exchange electrocatalyst, i.e.,
nanostructured Co-doped lanthanum nickelate oxide, which when incorporated in solid
oxide fuel cell cathodes significantly enhances the performance at intermediate
temperatures (∼550 °C), while maintaining long-term stability. In chapter 6, the
experimental assessment of the electrocatalytic activity of different transition metals as
cathode electrocatalysts for high temperature electrochemical CO 2 reduction using SOECs
is discussed. The important role of metal oxophilicity in catalytic activity is showcased. In
chapter 7, I conclude by summarizing the research work in this dissertation and propose
future work directions in this area of research.

13

CHAPTER 2. EXPERIMENTAL AND THEORETICAL TECHNIQUES
2.1

Summary
This chapter details the methods implemented to the synthesis of the

electro/catalysts and SOCs. The methodology utilized for surface and bulk characterization
of the materials, together with electro/chemical testing systems, are reported along with the
underlining operational principles of the utilized techniques.
2.2

Synthesis Technique
2.2.1

Nanostructured Mixed Metal Oxides Preparation

Pure La2NiO4+δ and B-site doped La2Ni1-xBxO4+δ (B= Fe, Co, and Cu and x= 0 –
0.25) nanorods oxides were synthesized using a reverse microemulsion method.52-53 In the
method, two separate quaternary reverse microemulsions each containing surfactant
(CTAB), hexane, and n-Butanol are prepared. The first reverse microemulsion is prepared
with the aqueous phase containing either KOH or NaOH in solution, as precipitating agent.
The aqueous phase of the second microemulsion carries the metal nitrate salts in solution
– the salts were added in appropriate ratios to result in a A2BO4 structure. This was followed
by mixing the two microemulsions and stirring for 4 hours. The resulting gel was separated
by centrifugation, washed, dried, and calcined at 835 °C to yield the desired catalyst.
The chemical equations for the formation of La2NiO4+δ are illustrated below.
2 La(NO3 )3

(aq) +Ni(NO3 )2 (aq) +8NaOH(aq)
Heating 2℃/min

[2 La(OH)3 +Ni(OH)2 ] →

835℃ argon 2℃/min

[2La2 O3 +NiO] →

Stirring at RT

→

[2 La(OH)3 ↓+Ni(OH)2 ↓]+8 NaNO3

[2La2 O3 +NiO]+3H2 O

La2 NiO4+δ

(aq)
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In order to obtain La2NiO4+δ with polyhedra morphology, the amount of water in
the salt-containing microemulsion varied in order to change the CTAB to H2O mass ratio
from 1.6 to 14.54
2.2.2

Solid Oxide Cells Preparation

2.2.2.1 Solid Oxide Button Cells Preparation
The solid oxide button cells were utilized in chapters 3, 4 and 5 and were
synthesized by initially ball-milling NiO (99%, Alpha Aesar), YSZ and graphite (1:1:0.6
weight ratio) in ethanol for 48 hours. Subsequently, the slurry was collected, dried, grinded,
sieved, and pressed at 3000 psi into pellets (13 mm diameter). The pellets were sintered at
1100°Cfor 3 hours and the electrolyte solution (YSZ suspended in ethanol) was spin-coated
over one side of the porous NiO-YSZ pellet. The electrode-electrolyte assembly was then
sintered at 1450 °C for 4 hours. The final thickness of the electrode and electrolyte layers
was~500 µm and ~15 µm, respectively. A porous YSZ scaffold was synthesized using a
ball-milled mixture of YSZ (70 wt%), graphite (30 wt%, 99.9995 %, 325 mesh, Alpha
Aesar), fish oil (Sigma, from Menhaden), butyl benzyl phthalate (Richard E. Mistler Inc.),
polyalkylene glycol (The Dow Chemical Company), and polyvinyl butyral (Richard E.
Mistler Inc.). This slurry was sprayed over the electrolyte side and sintered at 1450 °C. The
fuel electrode electrocatalyst dispersed in ethanol by sonication, followed by drop coating
– ~ 1 mg of electrocatalyst – over the YSZ scaffold, and curing at 400 °C for 3 hours. The
final geometric area of the cathode was 0.1 cm2.
2.3.2.2 Electrolyte Supported Cells Preparation
Electrolyte supported cell-type were characterized by two YSZ scaffolds
(synthesized as described in section 2.3.2.1) that are separated by an oxygen ion-conducting
electrolyte, i.e., YSZ. In this dissertation, the YSZ membrane was fabricated by dry-
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pressing sieved (125 microns) YSZ powder (TZ-8Y, Tosoh) followed by sintering at 1450
°C for 4 hours in air. Subsequently, a porous YSZ scaffold was synthesized and sprayed
symmetrically on both sides of the sintered YSZ membrane. The assembly was heated to
600 °C and then sintered at 1450 °C for 4 hours.
These cells were employed in chapters 3, 4 and 5 as two-electrode symmetric solid
oxide electrochemical cells, to determine the high temperature oxygen exchange kinetics
on mixed ionic/electronic conducting oxide electrocatalysts. For this type of setup, the
mixed metal oxide of interest was dispersed in ethanol by sonication, followed by drop
coating – ~ 1 mg of electrocatalyst – over both YSZ scaffolds, the cell was then cured at
400 °C for 3 hours.
In chapter 6, an electrolyte supported cell design was employed as SOECs for CO2
reduction. In this setup, one of the YSZ scaffolds was drop-coated with LSM, forming the
oxygen electrode, whereas, the fuel electrode was prepared via the incorporation (Ni, Fe or
Pd) in the second YSZ scaffold. Both YSZ scaffolds were cured at 400 °C for 3 hours prior
to cell assembling.
2.3

Characterization Techniques
2.3.1

X-ray Diffraction (XRD)

X-ray Diffraction (XRD) is a crystallographic technique employed to determine the
bulk composition and the crystal lattice of a material. In principle, these informations –
obtained from the specific angular position (2θ) of the constructive interferences – are
generated from the interaction between the incident x-rays (from the source) with the
regular periodic planes of atoms from the sample (Figure 2.1). The XRD spectrum (Figure
2.2) reports the intensity of these constructive waves as function of the angular position.
From the spectrum it is possible to extract information regarding the mean crystalline size
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of the sample (dc) via the Scherrer equation(equation 2.1), utilizing the relationship among
the breadth of the diffraction peak (β) with the wavelength of the incident x-rays (λ) and
the angular position of diffraction peak (θ).55
0.9𝜆

𝑑𝑐 = 𝛽𝑐𝑜𝑠𝜃

(2.1)

A
d

B

Figure 2.1. Illustration of X-ray diffraction studies.
In this work, the X-ray studies were conducted using a Bruker Phaser II X-ray
diffractometer (Rigaku Inc., Japan) with a Cu Kα radiation (λ = 0.15418 nm). XRD spectra
of the LNO samples were recorded at 2θ values of 20º to 80º at a rate of 2-4º/min. The
peaks of the spectra were assigned using the data base of the EVA software.
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Figure 2.2. XRD spectra obtained for the fresh prepared LNO electrocatalysts with
spherical (upper, black) and rod-shaped (middle, red). Standard spectrumfor bulk
LNOceramics (bottom, black).
2.3.2

X-ray Photoelectron Spectroscopy (XPS)

X-ray photoelectron spectroscopy (XPS) is a surface sensitive technique (1-10 nm
of penetration) that uses monochromatic x-rays to excite electrons from the core level of
the atoms in a sample to obtain information about its elemental composition and chemical
state. Each element in the periodic table possesses an intrinsic binding energy of the core
electrons (Ebinding), that can be estimated using equation 2.2. Where Ephoton is the energy of
the x-rays emitted from the source, Ekinetic is the kinetic energy of the electrons measured
by the detector, and ϕ is the necessary energy to remove an electron from Fermi to vacuum
level (work function).
Ebinding = Ephoton – Ekinetic – ϕ

(2.2)

In this dissertation, Angle-resolved X-ray photoelectron spectroscopy (AR-XPS) of
the thin films of the catalysts (pelletized followed by mixing the dilute solution with a
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binder) were collected using a Kratos Axis Ultra XPS with a monochromatic Al source of
0.5 eV resolution. High resolution scans were acquired at two different emission angles,
while tilting the sample at 0° and 80° with respect to the normal surface. CasaXPS software
was used for peak fitting and data analysis, while NIST XPS database was used as the
reference for binding energies. Calibration of the peak positions with respect to the Cls
peak were performed.
2.4.3

Scanning Electron Microscopy (SEM)

Scanning electron microscopy utilizes signal from the interaction between high
electron beam with a conducting material to generate information about the sample surface
topography.56 This interaction can generate different signals responses, such as (i)
secondary electrons, which are electrons removed from the surface of the sample, (ii)
backscattered electrons, which are the low energy electrons from the source elastically
backscattered from the interaction with the atom’s nuclei, (iii) x-ray, and others (depicted
in Figure 2.3).
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Figure 2.3. Illustration of signal originated from the intereaction between incident beam
and the sample in electron microscopy studies.
In this dissertation, the secondary electrons were used to determine the surface
morphology of synthesized solid oxides cells and catalytic nanostructures. These SEM
images were collected on a JEOL JSM-7600F field emission instrument using an
accelerating voltage of 15 kV and working distance of 6 mm. Cross-sectional image of the
electrode were obtained by blading the pellet in half through the center region of the
electrode. To prevent charging due to the electron beam, samples were sputtered with a thin
layer of Au, prior to loading onto the microscope chamber.
2.3.4

Scanning Transmission Electron Microscopy (STEM) and Transmission

Electron Microscopy (TEM)
Electron microscopy uses electrons, instead of light, to generate high-resolution
(atomic scale) imaging of the sample. Owing to the lower wavelength of electrons, higher
resolution images can be acquired with this type of microscope as compared to the optical
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microscopes.57 In these microscopes, the electron beam is emitted from a filament source
(tungsten or ceramic).56 In transmission electron microscopy (TEM), a broad parallel beam
of electrons interacts with the sample, scattering off the electrons beam in these regions.
The beam is then focused and magnified through a combination of electromagnetic and
optical components projecting an image “shadow image” on a fluorescent screen (Figure
2.4). In the case of scanning transmission electron microscopy (STEM), the electron beam
is focused in a small spot of the sample and is allowed to scan across the sample, generating
a series of local images. The interaction between the beam and the sample can generate
different types of photonic and electronic signals. For instance, the unscattered
(transmitted) electrons form the bright-field images, where the contrast in the image is
obtained from the difference in thickness within sample. On the other hand, the elastic
scattered electrons that undergo angular deflection can provide information regarding the
elemental composition of the sample. These deflected electrons are collected by a highangle annular dark-field (HAADF) detector, generating dark-filed images, which have
contrast based on the atomic weigh of the atoms composing the sample and, thus, darkfield image promotes better elemental contrast. Furthermore, the inelastic interactions
between the beam and sample provide chemical and electronical information about the
sample, accessed via spectroscopy techniques such as energy dispersive x-ray spectroscopy
(EDS) and electron energy loss spectroscopy (EELS).
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Figure 2.4. Schamatic of TEM and STEM and their respective components.
In this dissertation a JEOL2100 Cs TEM/STEM microscope operating at 200 kV
was used to collect the TEM/STEM images. Atomic resolution HAADF imaging was
performed in STEM mode on a double aberration-corrected JEOL JEM-3100R05
microscope equipped with a cold field-emission electron source and a Gatan 965energy
filter system. All operations were conducted at an accelerating voltage of 300 kV with a
probe forming semi angle of roughly 22 mrad and collection of semi angles around 50
mrads for HAADF imaging.
2.3.5

Energy Dispersive X-ray Spectroscopy (EDXS/EDS)

The energy dispersive X-ray spectroscopy (EDXS or EDS) is a technique useful to
yield information regarding the elemental composition of material. As above-mentioned,
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the x-rays signals are generated from the interaction between a sample and the electron
beam.56 During this interaction the electrons from the core level of the atoms in a sample
are excited to the empty level, generating an empty electron state (or hole). X-ray photon
is generated in response to the hole filling by a higher energy electron, which has a
characteristic energy for each element form periodic table.
In this dissertation, EDS coupled with electron microscopy, such as SEM and
TEM/STEM were utilized. In Chapters 3, 4, 5 and 6, the elemental composition of the oxide
nanostructure and SOC electrode, respectively, were determined using a field-emission
scanning electron microscope (FE-SEM, JSM 7600, JEOL Inc., Japan) equipped with an
energy dispersive x-ray spectrometer (EDS). Elemental mapping of the electrode crosssection was obtained by blading the pellet in half through the center region of the electrode.
In chapter 5, the characterization of the surface structure of these oxide nanostructures was
conducted in a JEOL 2100 Cs TEM/STEM microscope operating at 200 kV to collect
TEM/STEM images and perform energy dispersive X-ray spectroscopy (EDS) line
scanning. Samples were prepared by sonicating a dilute suspension of the nanostructures
in methanol, followed by sequential drop coating on a holey carbon grid. The line-scans
were performed at a 0.1-nm step size.
2.3.6

Electron Energy Loss Spectroscopy (EELS)

The EELS technique analysis the inelastic interaction between the electron beam
and the sample, which results in excitation of the electrons from the core/inner shells of the
atom from the sample to the outer/unoccupied states above fermi level.56 This excitation
energy is equivalent to the ionization energy, characteristic for each atoms and electron
shell, and is known as ionization edges.58 The EELS technique can provide information
regarding the chemical composition as well as electronic structure of the sample. This last
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is obtained from the electron energy loss near edge structure (ELNES) in the EELS spectra,
which is the fluctuation on the intensity signal of the ionization edge.
In this dissertation, EELS was performed using double aberration-corrected JEOL
JEM-3100R05 microscope equipped with a cold field-emission electron source and a Gatan
965energy filter system. All operations were conducted at an accelerating voltage of 300
kV with a probe forming semi angle of roughly 22 mrad and collection of semi angles
around 40 mrads for EELS. The STEM-EELS spectra imaging data sets were collected at
0.3s/spectrum and a 0.15 nm/step. The obtained data were processed by multiple linear
least-squares (MLLS) fitting for the spectrum data set using Gatan Digital Micrograph
software to resolve overlapping edges in the EELS spectra using standard EELS spectra
taken from commercial La2O3 and Ni oxide samples under the same experimental
condition.59
2.3.7

Low Energy Ion Scattering (LEIS)

Low energy ion scattering (LEIS) is an analysis sensitive to the elemental
composition of the outermost atomic layer of a material. In principle, the analysis is
performed using the backscattered ion generated from the collision between an incident ion
beam of noble gas with the atoms on surface of the sample.60-61 The energy of the
backscattered ion (Ef) can be calculated from equation 2.3, where m1and m2 are the masses
of the primary and backscattered atoms, 𝜃 the angle of the backscattered ion (determined
by the instrument), k2 is a known value – which varies from 0 to 1 as function of the m2/m1
and𝜃 – and Ei is the energy of the incident ion.60
𝑚

𝐸𝑓 = 𝑘 2 (𝑚1 , 𝜃) 𝐸𝑖
2

(2.3)
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In this work LEIS studies were conducted using an ION-TOF Qtac100 spectrometer
with a primary ion beam of 3 keV He+ or 5 keV Ne+. A dilute suspension (~1 mg/ml) of the
nanorods was deposited to form a uniform, thin film on a glass slide for these studies. An
area of 1500  1500 m was probed by each scan using 1 x 1014 ions cm-2 flux, and 3 keV
pass energy. A spectrum was collected using 5 keV Ne+ as the probe source and then
sputtered with 0.5 keV Ar+ at a glancing angle successively (2000 x 2000 m raster) with
doses of 0.5 x1015, 1 x1015, 2 x1015 and 5 x1015 ions cm-2, where a sputter dose of 1 x1015
ions cm-2 was sufficient to remove about one monolayer of atoms. The areas under the
curves were calculated using the GRAMS32 software.
2.3.8

Brunauer-Emmett-Teller (BET) Measurement and O2 Chemisorption

The Brunauer-Emmett-Teller (BET) isotherm measurement is a gas adsorption
technique that can provide information regarding the geometrical surface area of a material.
In this technique, the gas molecule (i.e., Ar, N2 or Kr) physically adsorbs – via weak
intermolecular forces – on the surface of the adsorbent. The physical surface area of the
particle is calculated from the experimental adsorption-desorption isotherm using BET
theory that considers the number of adsorbates (assuming a monolayer coverage) and the
dynamic equilibrium pressure with the vapor.62
In this dissertation the N2 physisorption was used to determine the physical surface
area per gram of catalyst. In the studies, performed using a Micromeritics ASAP 2020
system, the sample was first degassed under vacuum at 350 °C for 2 hours followed by
cooling in liquid nitrogen and performing N2adsorption –desorption measurements.
Furthermore, in order to estimate the active surface area of oxides with different
surface structure, O2 chemisorption was used in combination with N2 physisorption
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(providing the μmols of O2chemisorbed per physical surface area of oxide). This approach
aims to estimate the number of sites accessible to O2 specie chemically adsorb – forming a
bond – on the surface of the oxide. The O2 chemisorption studies was used to obtain the
μmols of O2chemisorbed per gram of catalyst. The experiments were performed in a
Micromeritics ASAP 2020 system and procedure consisted of exposing the oxide to
vacuum for 3 hours at 300 °C. This was followed by heating the sample to 500 °C in inert
atmosphere and exposing it to pure O2 in a pressure range from 1 – 213.55 mmHg. The
amount of O2 chemisorbed was evaluated by analyzing the plateau region (20 – 140 mmHg)
of the isotherm.
2.3.9

Reactor Studies

2.3.9.1 Isotopic Oxygen Surface Exchange Kinetic Measurements
Steady state isotopic transient kinetic analysis (SSITKA) experiments were
conducted for all the synthesized nanostructures using experimental protocol adopted from
literature.63-64 The BET (Brunauer–Emmett–Teller) surface areas of the catalysts in this
study vary between 14-17 m2/g. In every experiment, approximately 10 mg of each catalyst
was loaded in a quartz plug flow reactor. The total flowrates of all the gases were kept
constant at 50 mL/min using mass flow controllers (MKS instruments). All the catalysts
were initially treated in a mixture of 2% 16O2 and 1% Ar balanced in He at a temperature
of 700°C to ensure a clean surface, as well as, saturation of the catalyst sample with

16

O2

before switching to the temperature of interest. Once the desired temperature was achieved,
the gas was switched from 16O2 (2% 16O2, 1% Ar as the inert tracer and 97% He) to

18

O2

(Sigma Aldrich, 99%) at the same partial pressure. The outlet gas concentration was
continuously monitored using a quadrupole mass spectrometer (Perkin Elmer, Clarus 500)
for 16O2, 18O2 and 16O18O.
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Figure 2.5. Illustration of the reactor set-up forsteady state isotope kinetic studies with
18
O2.
2.3.9.2 SOC Electrochemical Studies Testing and Impedance Spectroscopy
In all the electrochemical studies, Au mesh (100 LPI, Precision E forming) was used
as current collector and Au wires (Alfa Aesar) were used as electrical leads on both
electrodes. Au paste (TED Pella) was applied to adhere the electrochemical leads to the
electrodes due to its insignificant activity toward oxygen reduction reaction

65

. The cells

were attached to the reactor (alumina tube) using an Al2O3–based paste.
All the electrochemical studies were performed using a Gamry 300 potentiostat
(Gamry Inst. Warminster, PA). In the case of the electrochemical studies with SOFCs and
SOECs, the fuel electrode (containing the metal precursor/YSZ) was heated overnight at
700 °C under a flow of 30% H2/N2 (50 ml min-1) to reduce the metal oxide precursor and/or
to maintain the reduced state of the metals. When the SOCs were operated in fuel cell mode,
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linear sweep voltammetry (I-V) tests were performed with the SOFC cathode exposed to
static air or O2 (300 ml min-1) and the anode exposed to ultra-high purity hydrogen gas (50
ml min-1) (Figure 2.6, path 1). The I-V curves were obtained from open circuit voltage
(OCV) to 0.15 V using a scan rate of 30 mV/s. In our measurements the working electrode
was connected to the fuel electrode and the reference was connected to the oxygen
electrode. The I-V curves give insights on the overpotential losses associated with the cell
operation (these overpotential were discussed in chapter 1). Figure 2.7 depicts the regions
where these overpotentials are most dominate. Finally, the electrochemical stability of
SOFCs were conducted with the cells operating in galvanostatic mode at 700 °C with the
current density set at 700 mA/cm2.
(2)
SOEC

(1)
SOFC

100%H2

45%CO / 45%CO2 / 10%N2

2e-

2eCathode

O2-

O2-

Anode

Cathode

2e-

Electrolyte

V

V

Anode
Electrolyte

Air

2e-

Figure 2.6. Illustration of the solid oxide cell test assembly. Gas set-up for (1) solid oxide
fuelcell and (2) solid oxide electrolysis cell.
When SOCs were operated in electrolysis mode, CO2 reductions experiments were
conducted at 800 - 900 °C. The anode side was exposed to an air atmosphere (50 ml min1

). The electrochemical performance of the cathode electrocatalysts was accessed in a

CO2:CO (50:50) or CO2:CO:N2 (45:45:10) atmospheres(Figure 2.6, path 2). To evaluate
the reverse water gas shift reaction (RWGS) effect, CO was replaced by H2 as reducing
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agent in the cathode gas feed. The I-V curves were obtained at different applied voltages
(from OCV to 1.6 V) with a scan rate of 30 mV/s.
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Figure 2.7. Illustration of a typical I-V curve generated for a SOC operating infuel cell
mode.
Electrochemical impedance spectroscopy (EIS) experiments were performed to
identify the overpotential losses associated with the electrochemical oxygen exchange. In
these experiments, a minor voltage (E) was applied between the electrodes with input
frequency (𝜔) varying from 1 MHz to 0.01 Hz, generating a current (I) response.
Impedance (Z) is calculated using equation 2.4. A typical impedance spectrum generated
from these experiments is depicted in Figure 2.8 in Nyquist plot type, where composed by
a negative imaginary (-Zimag) vs a real (Zreal) component. From the plot, one can obtain
information regarding the non-ohmic (induce by electrode, Zelectrode) and ohmic (induced
by electrolyte, Relectrolyte) losses.
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𝐸
𝐼

= 𝑍0 (𝑐𝑜𝑠𝜙 + 𝑗𝑠𝑖𝑛𝜙)

(2.4)

increase

-Zimag

𝑍=

∣Z∣
=0

=∞
Relectrolyte

Zelectrode

Zreal
Figure 2.8. Illustration of a typical Nyquist plot from EIS studies.
All electrochemical impedance spectroscopy (EIS) studies were measured under
open circuit conditions (OCV, thermodynamic potential), in a frequency range of 1 MHz 0.01 Hz, with a 10 mV AC perturbation. The symmetric cells were placed in a single
chamber reactor under a controlled O2/N2 atmosphere (the oxygen partial pressure, 𝑃𝑂2 ,
was varied from 0.04 to 1 atm) (Figure 2.9). EIS experimental data was fitted using the
Gamry EIS300 Electrochemical Impedance Spectroscopy Software.
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Figure 2.9. Illustration ofthe test assembly for two-electrode symmetric solid oxide
electrochemical cells.
2.3.10

Density Functional Theory

The experimental findings reported in this work were combined with quantum
chemical density functional theory (DFT) calculations in order to develop a molecular
understanding of the factors governing oxygen exchange and CO2 reduction processes. This
approach allowed the development of a structural/compositional relationship that can guide
the design of electrocatalysts to be employed in electrode reactions relevant to the process
of CO2electrolysis in SOEC’s electrodes.
DFT is a methodology to study catalytic mechanisms via calculation of the
energetics and geometries associated with the involved reactants, products and transition
states. This methodology employs the electron density, influenced by an external potential,
to describe the interactions within a system of particles. The energetic properties (𝐸 [𝜌(𝑟)])
of such interacting particles can be described using equation 2.566, where𝜌(𝑟)is the electron
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density, 𝑣𝑒𝑥𝑡 is the external potential (generated by the atomic nuclei) and 𝐹[𝜌(𝑟)] is a
functional of the electron density defined by equation 2.667. In this approximation (equation
2.6), the electrons are considered non-interacting particles, thus𝑇𝐾𝑆 [𝜌(𝑟)] is the kinetic
energy of non-interacting electron gas, 𝐸𝐻 [𝜌(𝑟)] is the electrostatic energy of electrons and
𝐸𝑋𝐶 [𝜌(𝑟)] is an electron exchange and correlation functional solved by different proposed
approximations. The results reported in this dissertation used the generalized gradient
approximation (GGA), which is based on based on the electron density and its gradient.
𝐸 [𝜌(𝑟)] = ∫ 𝜌(𝑟)𝑣𝑒𝑥𝑡 (𝑟)𝑑𝑟 + 𝐹[𝜌(𝑟)]

(2.5)

𝐹[𝜌(𝑟)] = 𝑇𝐾𝑆 [𝜌(𝑟)] + 𝐸𝐻 [𝜌(𝑟)] + 𝐸𝑋𝐶 [𝜌(𝑟)]

(2.6)

The DFT insights reported in Chapters 3 and 5 of this work were obtained via
collaborative work, and thus it is not a direct contribution of the author of this dissertation.
The reader is refereed to experimental and theoretical sections of chapters 3 and 5, (as well
as to appendixes A and B)for details on the theoretical methods utilized in this work, and
to specific details regarding DFT68-69, quantum mechanics70-71 and solids state physics72.
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CHAPTER 3. ENGINEERING COMPLEX, LAYERED METAL OXIDES: HIGH
PERFORMANCE NICKELATE OXIDE NANOSTRUCTURES FOR OXYGEN
EXCHANGE AND REDUCTION
ABSTRACT
Synthetically tuning the surface properties of many oxide catalysts to optimize their
catalytic activity has been appreciably challenging given their complex crystal structure.
Nickelate oxides (e.g., La2NiO4+δ) are among complex, layered oxides with great potential
toward efficiently catalyzing chemical/electrochemical reactions involving oxygen
(oxygen reduction, ammonia oxidation). Our theoretical calculations show that the surface
structure of La2NiO4+δ plays a critical role in its activity, with (001)-Ni oxide terminated
surface being the most active. This is demonstrated through the effect on the energetics
associated with surface oxygen exchange – key process in reactions involving oxygen on
these oxides. Using a reverse microemulsion method, we have synthesized La 2NiO4+δ
nanorod-structured catalysts highly populated by (001)-Ni oxide terminated surfaces. We
show that these nanostructures exhibit superior catalytic activity toward oxygen
exchange/reduction as compared to the traditional catalysts, while maintaining stability
under reaction conditions. The findings reported here pave the way for engineering
complex metal oxides with optimal activity.

Ma, X.*, Carneiro, J. S.*, Gu, X. K.*, Qin, H., Xin, H., Sun, K., & Nikolla, E. (2015). ACS
Catalysis, 5(7), 4013-4019.Reprinted with permission from Copyright (2015) American
Chemical Society (https://pubs.acs.org/doi/10.1021/acscatal.5b00756).Further permissions
related to the material excerpted should be directed to the ACS.
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3.1

Introduction
Surface structure of heterogeneous catalysts and electrocatalysts plays a critical role

in determining their activity and selectivity73-78. With recent advancements in solutionbased synthesis approaches and the predictive power of theoretical calculations, the surface
structure of metals and simple metal-oxides can be tuned to obtain unparalleled catalytic
performance for many relevant reactions79-80.Nevertheless, control over the surface
reactivity of complex, layered metal-oxide based catalysts (e.g., nickelate oxides) is still
appreciably challenging. Identifying ways to tap into understanding and optimizing
physicochemical properties of complex metal oxides can significantly expand the window
of technically relevant catalytic materials.
Nickelate oxides (e.g., LNO) are among complex, layered oxides with great
potential toward efficiently catalyzing chemical and electrochemical reactions involving
oxygen (e.g., oxygen evolution/reduction and ammonia oxidation) 81-84. They are mixed
ionic and electronic conducting materials that belong to the Ruddlesden-Popper series,
composed of alternating rocksalt-like and perovskite-like layers (Figure 3.1a). They are
characterized by their hyper-stoichiometry of oxygen in the lattice that is accommodated
via the rocksalt-like layers84-85. It has been shown that oxygen chemistry on nickelate
oxides is governed by their ability to catalyze the surface oxygen exchange process86-87.This
process involves the catalytic exchange of gas-phase oxygen atoms with oxygen ions in the
lattice of an ion-conducting oxide. While the oxygen transport mechanisms of nickelate
oxides have been well-investigated88-92, limited understanding of the factors that govern the
surface oxygen exchange process in these materials exists. A recent report from Burriel et
al. shows that in the case of Sr-doped La2NiO4+δ, the La oxide terminated surface governs
the surface oxygen chemistry on these materials87. On the other hand, report from Read et
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al. suggests that the Ni3+ atoms in the outmost layer are responsible for the catalytic activity
of nickelate oxides84. Furthermore, for the most part, nickelate oxides have been mainly
synthesized using thermochemical and thin film synthesis approaches, which lead to low
surface area structures, with limited appeal for catalytic applications85, 88-89.
In this work, we demonstrate through a combination of quantum chemical density
functional theory (DFT)calculations, controlled synthesis of well-defined nanostructures,
state-of-the-art characterization techniques (atomic level imaging and electron energy loss
spectroscopy), and isotopic labeling kinetic studies that engineering the surface of nickelate
oxides (i.e., LNO) can significantly enhance their catalytic activity toward surface oxygen
exchange. DFT calculations show that (001)-Ni oxide terminated LNO surfaces exhibit the
highest rates for oxygen exchange by providing the best compromise between the
energetics associated with oxygen adsorption/desorption and surface oxygen vacancy
formation. LNO nanorods, predominantly terminated by (001)-Ni oxide surface facets,
were synthesized using a well-controlled reverse microemulsion synthesis method and
characterized using atomic-resolution high angle annular dark field (HAADF) imaging
along with EELS performed using an aberration corrected STEM. Our isotope-labeled
thermochemical kinetic studies showed that the activation barrier for thermochemical
oxygen exchange is significantly lower on the LNO nanorods as compared to the traditional
polyhedron-type LNO catalyst. Electrochemical studies using symmetric cells
demonstrated that the area specific resistances associated with the electrochemical oxygen
exchange were significantly lower on electrodes containing LNO nanorods than the ones
with LNO spheres. Incorporation of the LNO nanorods as cathode electrocatalysts in
SOFCs led to a significant increase in the electrochemical rates for oxygen reduction
(current densities) as compared to SOFCs containing traditional LNO catalyst or state-of-
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the-art LSM catalyst. We also found that the LNO nanorods exhibited high stability under
electrochemical conditions. The findings reported in this work lay the groundwork for
enhancing the catalytic activity of complex metal-oxide catalysts via engineering of their
surface structure.
3.2

Theoretical and Experimental Section
3.2.1

Density Functional Theory Calculations

DFT calculations were performed by Vienna ab initio Simulation Package
(VASP)93-94, and Perdew-Burke-Ernzerhof (PBE)exchange-correlation functional95. The
Kohn-Sham equations were solved by a plane-wave basis set with a kinetic energy cutoff
of 400 eV. The optimized lattice constants of bulk La2NiO4, with tetragonal I4/mmm
structure, area = 3.86 Å and c = 12.44 Å, which agrees well with experimental values and
previous calculations96. To model La2NiO4 (001), (100), and (111) surfaces, the thirteenlayer slab model was used with (2×2) unit cell (Figure A1, Appendix A). A (2×2×1) k-point
mesh was used to sample the surface Brillouin zone, and a 12 Å vacuum was introduced
with correction of dipole moment between the repeated slabs along the z-direction. During
optimization, the bottom four layers of the slab were fixed, while the remaining atoms were
relaxed until the residual force is less than 0.02 eV/Å. DFT+U97 was used for Ni 3d-orbitals
with the value of U-J = 6.4 eV98.We note that, the defected La2NiO4+δ (δ = 0.125) was also
investigated. We found that the influence of bulk interstitial O on surface oxygen vacancy
formation energy is only 0.02 eV, compared to that on stoichiometric La 2NiO4. Thus, we
used the stoichiometric La2NiO4 for DFT calculations in the present work. The barriers
were calculated by CI-NEBmethod99-100. The details of microkinetic modeling analysis can
be found in the Appendix A.
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3.2.2

Catalyst Synthesis and Characterization

The nanostructured LNO catalysts were prepared using the reverse-microemulsion
assisted sol-gel method as reported previously53.Details found in Appendix A. Atomic
resolution HAADF imaging and EELS spectrum imaging were performed in STEM mode
on a double aberration-corrected JEOL JEM-3100R05microscope equipped with a cold
field-emission electron source and a Gatan 965 energy filter system. All operations were
conducted at an accelerating voltage of 300 kV with a probe forming semi-angle of roughly
22 mrad and collection of semi-angles around 50 and 40 mrads for HAADF imaging and
EELS, respectively. The STEM-EELS spectrum imaging data sets were collected at 0.3
s/spectrum and a 0.15 nm/step. The obtained data was processed by multiple linear least
square (MLLS) fitting for the spectrum dataset using Gatan Digital Micrograph software
to resolve overlapping edges in the EELS spectra using standard EELS spectra taken from
commercial La2O3 and Ni oxide samples under the same experimental condition59.
3.2.3

Oxygen Isotopic Exchange Kinetic Studies

All experiments were conducted in a continuous flow system consisting of three gas
lines connected to a reactor and a mass spectrometer (QP 2010 Ultra, Shimadzu). In each
experiment, an appropriate amount of sample (~ 0.020 g) was loaded into the reactor,
heated to 650 °C under flowing Ar to remove any impurities in the sample. This was
followed by changing the temperature to the desired value and switching the gas to the
oxygen isotope 16O2 (2 % mole of 16O2, 2% mole of Ar, balanced by He). When the steady
state was reached, the feed gas was switched to oxygen isotope

18

O2 (2 % mole of 18O2,

balanced by He) using the same flow rate, and the reaction was allowed to proceed. The
transient changes in the isotopic composition ( 16O2,

18

O2 ,

16

O18O) were continuously

monitored by mass spectrometry. The reaction temperature was varied from 450 °C to 650
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°C. Turnover frequencies were defined as oxygen exchange rates normalized per surface
area of the catalyst (measured using N2 physisorption). Oxygen exchange rates in each
experiment were calculated based on the variation of 16O18O concentration as a function of
time. Details found in the Appendix A.
3.2.4

Electrochemical Studies

Polarization resistances of the electrochemical oxygen exchange were measured
using symmetric electrochemical cells. The symmetric cells were characterized by a
relatively thick electrolyte (~ 360 m) and two identical electrodes. The electrolyte was
prepared by pressing YSZ powder in 13 mm diameter pellets, followed by sintering at 1450
°C for 4 hours. A porous YSZ scaffold layer for the electrode was synthesized to support
the LNO nanostructured electrocatalysts. The pre-synthesized LNO catalyst was dispersed
in ethanol and sequentially impregnated on the YSZ scaffold, followed by heating at 400°C
for 3 hours. Similar approach was used to synthesize anode-supported SOFCs. For all
SOFCs, the anode was kept constant at a composition of 50 wt% of Ni oxide and 50 wt%
of YSZ. Similarly, the YZS electrolyte layer was kept constant by spin-coating a given
amount of YSZ slurry over the anode pellet. Details found in Appendix A.
Electrochemical Impedance Spectroscopy (EIS) were performed on the symmetric
cells using a potentiostat (Gamry 300, Gamry Inst. Warminster, PA). EIS data were
obtained at OCV in a frequency range of 1 MHz - 0.01 Hz with 10 mV of AC
perturbation101. The experiments were performed in a single chamber reactor under
controlled O2/N2 atmosphere (with oxygen partial pressure, pO2, between 0.04 and 1 atm).
Details on electrochemical studies using SOFCs are found in the Appendix A.
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3.3

Results and Discussion
3.3.1

DFT Calculations of Oxygen Exchange on LNO Surfaces

To identify the underlying factors that govern the oxygen exchange kinetics on
nickelate oxides and potentially obtain insight on optimizing their surface reactivity toward
the oxygen reduction reaction, we have employed DFT calculations to determine the
energetics associated with the thermochemical oxygen exchange process on nickelate
oxides, through the example of LNO with different surface facets.
The four most thermodynamically stable surfaces are considered, namely (001)-Ni
oxide terminated, (001)-La oxide terminated, (100) and (111) LNO surfaces90. The surface
oxygen exchange process on LNO was modeled using two reversible elementary steps
(Illustrated in Figure 3.1b)91-92: (i) the formation of surface oxygen vacancies via migration
of oxygen ions to the surface bulk interstitial oxygen sites known as the Frenkel disorder
(the most favorable path for oxygen transport in nickelates)102, and (ii) oxygen dissociative
adsorption on a surface oxygen vacant site to heal the vacancy and form an oxygen adatom.
The reverse reactions of these two steps occur to complete the catalytic cycle. Assuming
similar charge transfer coefficients of elementary steps for different surfaces, the kinetics
obtained for the oxygen exchange without external potentials can provide valuable insights
into the electrochemical processes.
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Figure 3.1. (a) The structure of LNO and the position of the oxygen interstitial site. (b) The
mechanism for oxygen exchange on LNO along with the Kröger-Vink notation of the
elementary steps, where O𝑂𝑋 is lattice O on the surface layer, 𝑉𝑖,𝑠 is a vacant interstitial site
in the bulk,𝑂𝑖,𝑠 is an interstitial oxygen atom, V𝑂̈ is an oxygen vacancy site on the surface
layer, O2 represents gas-phase oxygen and O* is adsorbed oxygen adatom. (c) Free energy
surface of the oxygen exchange process (shown in b) on (001), (100) and (111) LNO
surfaces. (d) Calculated surface oxygen exchange rates for LNO surfaces at 773 K and 0.21
atm O2 pressure.
Figure 3.1c shows the free energy surfaces for the thermochemical surface oxygen
exchange process. We found that the surface vacancy formation is highly endothermic by
3.19 and 3.34 eV on (001)-La oxide terminated and (100) surfaces, respectively. However,
on (001)-Ni oxide terminated and (111) surfaces, the surface oxygen vacancy formation
becomes facile with free energy barriers of 0.48 eV and 0.71 eV, respectively. The
dissociation of O2 on the surface vacant sites formed on (001)-La oxide terminated surface
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is almost barrier less, due to the significantly stronger binding energies for oxygen on the
vacant site and the oxygen adatom on La bridge site (Table A1 and Figure A2, Appendix
A). Consequently, this results in a very high barrier (6.75 eV) for the reverse step, which
hinders the exchange process. A similar trend is obtained for the (100) LNO surface where
the barrier for the association of O2 (step 2 reverse) is 6.61 eV and for O2 dissociation is
0.76 eV. In the case of (001)-Ni oxide terminated LNO surface, a compromise between the
energies for these steps is obtained. The dissociation of O 2 is limiting and is slightly
endergonic by 0.15 eV with a kinetic barrier of 1.73 eV. This is also the case for the (111)
LNO surface, but the dissociation barrier of O2 is 0.35 eV higher than that of (001)-Ni oxide
terminated LNO surface.
From the energetics of the reaction pathway, we found that the rate-limiting step for
the surface oxygen exchange on (001)-La oxide terminated and (100) surfaces is the
associative oxygen desorption (step 2 reverse). On the other hand, the rate-limiting step on
(111) and (001)-Ni oxide terminated surfaces is the dissociative adsorption (step 2 forward)
of O2. Moreover, the barriers for the rate-limiting step on (001)-La oxide terminated (6.75
eV), (100) (6.61 eV), and (111) (2.08 eV) surfaces are higher than that on (001)-Ni oxide
terminated surface (1.73 eV). These results suggest that the (001)-Ni oxide terminated LNO
surfaces should exhibit the highest rates for surface exchange as compared to the other
LNO surfaces. This is confirmed using a simple microkinetic modeling analysis (Appendix
A). The calculated rates for the thermochemical surface oxygen exchange at an operating
temperature of 500 °C and 0.21 atm partial pressure of O2on these four surfaces are shown
in Figure 3.1d. The predicted trend of thermochemical oxygen exchange activity is a
consequence of (100) and (001)-La oxide terminated surfaces binding lattice oxygen very
strongly, resulting in a high-energy barrier for oxygen recombination to form gas-phase O2.
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On the other hand, the (001)-Ni oxide terminated LNO surface facilitates the best
compromise between the energetics associated with surface oxygen vacancy formation and
the oxygen adsorption/desorption steps, which results in the highest rate. Based on these
findings, one would predict that synthesizing LNO catalysts with high concentration of
(001)-Ni oxide terminated surface facets would lead to LNO catalysts with improved
oxygen exchange kinetics as compared to traditional LNO catalysts.
3.3.2

Synthesis of Well-Controlled LNO Nanostructures

Recently we have demonstrated the ability to synthesize LNO nanostructures with
well-defined surface facets using a reverse microemulsion approach53. The method
involved: (i) the formation of a gel containing the appropriate metal hydroxide precursors,
(ii) separation of the solid gel from reaction mixture, and (iii) transformation of the
precursors to nickelate oxides by calcination. Tuning the synthesis parameters led to
nanostructured LNO catalysts with two different geometries: polyhedrons (spheres - similar
to the geometry of traditional catalysts) and nanorods (Figures A3 (a, b) and (c, d),
respectively – Appendix A). The LNO nanorods were highly terminated by (001) facets as
described in detail in our previous report53 and also shown by the selective area electron
diffraction (SAED) pattern (Figure A3d, Appendix A). On the other hand, the LNO spheres
were terminated by a mixture of different surface planes, including the (111) facet as
indicated by the SAED pattern (Figure A3b, Appendix A) of a typical spherical particle53.
Above, our DFT calculations suggested that the (001) surface of LNO is either Ni
oxide or La oxide terminated with the Ni oxide-terminated surface being the most active.
In order to characterize the atomic termination of the (001) surface facets of the LNO
nanorods, we have employed atomic resolution HAADF and EELS performed in an
aberration corrected STEM. Figure 2a shows an atomic resolution HAADF image of the
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edge of a typical LNO nanorod with the electron beam along the [100] zone axis (i.e.,
parallel to the (001) plane) as indicated by the SAED pattern (upper left inset in Figure
3.2a). The upper right inset in Figure 3.2ashows the projected DFT model structure ((001)Ni oxide terminated) that best matches the lattice spacing and the atom species in the
HAADF image (Note that the DFT model does not show the oxygen atoms since they are
not visible in the HAADF image). Figure 3.2a shows that the surface termination of the
LNO nanorod supports the (001)-Ni oxide terminated LNO model structure suggesting that
the surface is terminated by Ni oxide. The arrangements of the La atoms in the surface
layers are not consistent with the reported (001) La oxide terminated surface (shown in
Figure A1, Appendix A)87. This is further supported by atomic resolution EELS spectrum
imaging analysis (at a pixel size of 0.15 nm), which is used to map out the (001) chemistry
as shown in Figure 3.2b. Figure 3.2bshows the HAADF image taken from another LNO
nanorod with the electron beam parallel to [210] (parallel to (001) plane), and the summed
EELS spectrum showing the Ni-L2, 3 and La-M4, 5 edges of the surface region. A Ni/La
atomic ratio of approximately 3.7 was obtained by MLLS fitting of the spectrum using the
EELS spectra taken from commercial La2O3 and Ni oxide samples (Figure 3.2c) under the
same experimental condition as references. Since the (001) surface only contains Ni or La
atoms, we believe that the La signal is most likely due to the La atoms present in the second
atomic layer. These surface characterization studies suggest that the (001) surfaces of the
LNO nanorods are terminated by Ni oxide and based on the DFT predictions should result
in the highest activity for oxygen exchange.
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Figure 3.2. (a) Atomic-resolution HAADF image taken from a typical LNO nanorod with
the electron beam parallel to [100] (i.e. parallel to (001) plane). The upper-right inset
illustrates a [001] projected DFT model structure along [100] direction with La (light blue)
and Ni (green) atoms labeled along with the lattice spacing (the oxygen atoms have been
removed from the DFT model to ease the eye). (b) HAADF image taken from another
nanorod along [210] direction (as evidenced by the SAED inset) with (001) plane labeled.
The surface layer (0.3 nm deep) is outlined by the blue box from which a summed EELS
spectrum was extracted from an EELS spectrum imaging dataset at 0.15 nm pixel size
showing the partly overlapped Ni (L2, 3) and La (M4, 5) edges. (c) Standard EELS spectra
for NiO and La2O3.
3.3.3

Thermochemical Oxygen Exchange Kinetics

The kinetics of the thermochemical oxygen surface exchange over LNO catalysts
with different geometries (i.e., spheres, nanorods) were studied using steady state isotopic
transient kinetic analysis (SSITKA) in a flow reactor. The experiments were conducted in
a temperature range of 450 – 650 °C. In these studies, the catalyst was first saturated
with16O2, and then exposed to 18O2 to determine the rates of oxygen exchange between 18O
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in the gas phase and 16O in the lattice of LNO. The rate of oxygen exchange was defined
as the formation rate of 16O18O over time, as measured by a mass spectrometer system online with the reactor. The apparent activation barrier for this process was determined by
measuring the initial rates of 16O18O formation at different temperatures. The absence of
mass transport artifacts was verified to ensure that the rates reflect the intrinsic oxygen
surface exchange kinetics (see Appendix A for details). Arrhenius plots of the oxygen
exchange rates (normalized per surface area, labeled as turnover frequencies (TOFs)) over
LNO nanorods and spheres are shown in Figure 3.3. The apparent activation energy barrier
for the oxygen exchange (extracted from the slope of the Arrhenius plot) catalyzed by LNO
nanorods is much lower than that for LNO with spherical geometry. This is consistent with
the DFT trends, which show that the (001)-Ni oxide terminated LNO surface (abundant in
the synthesized LNO nanorods) exhibits the lowest energy barrier for oxygen exchange as
compared to the other low energy facets (i.e., (111)) that are found in spherical LNO
particles. Post reaction characterization of the catalysts using XRD and SEM (Figures A6,
A7 and A8, Appendix A) shows that both the nanorod- and spherical-shaped LNO catalysts
were stable and retained their structures after the oxygen exchange kinetic studies.
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Figure 3.3. Apparent activation barriers obtained from thermochemical oxygen exchange
kinetics, LNO spheres and LNO nanorods. The error bars represent the standard deviation
obtained from three consecutive experiments.
3.3.4

Electrochemical Oxygen Exchange and Oxygen Reduction

Polarization resistances of the electrochemical oxygen exchange on electrodes
containing LNO catalysts with different geometries were measured using symmetric
LNOYSZLNO cells with YSZ as an oxygen-ion conducting membrane. The details of
the synthesis of the symmetric cells are provided in Methods. The impedance studies were
conducted at 600 and 700 °C under variousO2 partial atmospheres. An equivalent circuit of
the type LRe(R1Q1)(R2Q2)(Figure 3.4a) was fitted to the raw Electrochemical Impedance
Spectroscopy (EIS) data. In this model, L represents the inductance caused by the electrical
connections, Re represents the ohmic resistance of the YSZ electrolyte, and the circuit
elements composed of a resistance in parallel with a constant phase element (R1Q1 and
R2Q2) represent the cathodic resistances at high (HF) and low frequency (LH) ranges,
respectively. The area specific resistance (ASR) which accounts for oxygen exchange at
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both interfaces was obtained from the raw data using the following expression: ASR = (R1
+ R2) x S/2, where S is the electrode active area103.

Figure 3.4. (a) Electrochemical impedance spectra (EIS) at OCV for LNOnanorodsYSZLNO-nanorods (red) and LNO-spheresYSZLNO-spheres cells (black) at
different partial pressures: 0.8 atm (□), 0.4 atm (○), 0.21 atm (), 0.13 atm (), and 0.04
atm (X). (b) Cathodic polarization dependence of LNO-nanorodsYSZLNO-nanorods and
LNO-spheresYSZLNO-spheres cells on temperature. (c) Current density versus voltage,
and current density versus power density curves for SOFCs containing LNO cathode
electrocatalysts with different morphologies: nanorods and spheres, operating at 973K, and
SOFCs with cathodes containing LSM operating at 973 K and 1073 K. All cells were tested
with the anode exposed to pure H2 and the cathode exposed to air. (d) Scanning electron
micrographs of a SOFC cathode containing LNO nanorod electrocatalyst after the
electrochemical studies.
Figure 3.4a shows the ASR of symmetric cells containing LNO nanorods (LNOnanorodsYSZLNO-nanorods) and LNO spheres (LNO-spheresYSZLNO-spheres) at
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different oxygen partial pressure (pO2). In these plots, the Re values were normalized to the
lowest value and the inductance was removed for ease of illustration of the R1 and
R2dependence on pO2 (the raw data with aspect ratio 1:1 is found in Figure A9, Appendix
A). Linear dependences between the two resistances (R1 and R2) and pO2 with slopes around
0.1 and 0.2, respectively, for cells containing nanorods and spheres were obtained. This is
consistent with literature reports which suggest that this behavior is associated with the fact
that R1 and R2 are related to the process of oxygen ion transfer through the
electrode/electrolyte interface (Oads + 2e- + V𝑂̈  O𝑂𝑋 ), and the vacancy healing/charge
transfer stepthrough the gas/electrode interface (O2- + V𝑂̈  O𝑂𝑋 ), respectively104.
Furthermore, the capacitances (C1 and C2) for R1 and R2 in both cells containing rods and
spheres were around 10-6 and 10-4 F*cm-2, respectively, reinforcing the fact that these
impedance behaviors are related to the oxygen exchange process (Figure A10, Appendix
A)105.
ASRs for symmetric cells composed of LNO-nanorods and LNO-spheres at two
different temperatures (similar to the operating temperatures of a fuel cell) are plotted in
Figure 3.4b. These results show that the ASRs for LNO-nanorod containing cell are
significantly lower than the ones for the cell containing LNO-spheres at both temperatures.
Analysis of these impedance spectra demonstrates that the LNO-nanorodsYSZLNOnanorods cells exhibit lower overpotential losses for the electrochemical surface oxygen
exchange process, which includes the oxygen ion transfer to the electrolyte (R1) and
vacancy healing/charge transfer (R2) steps.
In order to test the electrochemical performance toward oxygen reduction in fuel
cells, the LNO nanostructures were incorporated in anode-supported SOFCs (Ni-
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YSZYSZYSZ-LNO). In SOFCs, the anode facilitates the hydrogen electro-oxidation
reaction (H2 + O2- => H2O), the YSZ electrolyte (~15 µm) facilitates the oxygen ion (O 2-)
transport, and the cathode facilitates the oxygen reduction reaction (O2 + 2e- => 2O2-).
Figure 3.4c shows the electrochemical performance (current density versus voltage (I-V)
and current density versus power density (I-P) curves) of SOFCs operating on pure H2 at
the anode and air at the cathode at a temperature of 700 °C. The results show that upon
modification of the LNO nanostructure from rods to spheres, significant improvement in
the power density was achieved. SOFCs containing LNO nanorods as cathode
electrocatalyst led to power densities of approximately two-fold higher than the cells
containing LNO spheres as cathode electrocatalyst: ~ 0.6 and 0.3 W/cm2, respectively.
Furthermore, we found that the performance of the SOFC composed of NiYSZYSZYSZ-LNO-nanorods at 700 °C was also superior to SOFCs containing state-ofthe-art LSM cathode electrocatalyst (Ni-YSZYSZLSM-YSZ) at operating temperatures
of700 °C and 800 °C (Figure 3.4c).
SEM characterization of the cells after the electrochemical tests shows no
significant changes in the morphology (Figure 3.4d and Figure A11, Appendix A) of the
LNO nanostructures. The stability of the LNO nanorods was also tested by operating the
SOFC under constant current (700 mA/cm2) while monitoring the voltage over 70 hours at
700 °C (Figure A12 a, Appendix A). No significant changes in the morphology (Figure
A12 b, Appendix A) and crystallinity (Figure A13, Appendix A) of LNO nanorods were
observed after the constant-current electrochemical test. These results suggest that the LNO
nanorod catalysts, while retaining their structural and morphological stability, exhibit
superior electrochemical activity toward the oxygen reduction reaction as compared to the
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traditional, state-of-the-art catalysts. These results demonstrate the impact of utilizing welldefined nanostructures of mixed ionic and electronic conducting oxide electrocatalyst in
enhancing the oxygen reduction kinetics in ceramic–based fuel cells.
3.4

Conclusions
We have established that the surface structure of complex oxides (e.g., LNO) plays

an important role in their catalytic activity toward oxygen exchange/reduction, with (001)Ni oxide terminated surface being the most active. Isotopic exchange kinetic experiments
and electrochemical studies show that LNO catalysts with nanorod geometry (highly
populated by (001)-Ni oxide terminated facets) exhibit higher rates for oxygen exchange
and reduction as compared to traditional spherical LNO catalysts. DFT studies suggest that
the enhanced activity of LNO nanorods is attributed to the high fraction of (001)-Ni oxide
terminated surface facets, which provide the best compromise of the energetics associated
with two important steps in oxygen exchange/reduction - surface oxygen vacancies and
dissociative adsorption of gas phase O2. These findings have significant implications in
guiding the design of robust mixed ionic and electronic catalysts for processes involving
oxygen based on controlling their nanostructure.
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CHAPTER 4. OPTIMIZING CATHODE MATERIALS FOR INTERMEDIATETEMPERATURE SOLID OXIDE FUEL CELLS (SOFCS): OXYGEN REDUCTION
ON NANOSTRUCTURED LANTHANUM NICKELATE OXIDES
ABSTRACT
Kinetics of high temperature ORR on LNO nanostructures are investigated by means
of electrochemical impedance spectroscopy, with the aim of determining (i) the critical steps
that govern ORR in these catalysts, and (ii) ways to lower the overpotential losses associated
with these steps. We have identified two main electrochemical processes that govern the
polarization resistances during ORR: the electron transfer/oxygen vacancy healing (𝑂𝑎𝑑𝑠 +
2𝑒 − + 𝑉𝑂.. ⇔ 𝑂𝑋𝑂 ), and the oxygen ion transfer through the electrocatalyst/electrolyte interface
2−
(𝑂𝐿𝑁𝑂
+ 𝑉𝑂.. ⇔ 𝑂𝑋𝑂 ). We find that the nanostructure of LNO significantly effects the activation

barriers associated with these processes with nanorod–structured LNO catalyst, highly
terminated by [001] surface facets, exhibiting lower barriers compared to traditional, sphericalshaped catalysts. We also show that incorporation of the nanorod–structured LNO as cathode
electrocatalysts in SOFCs leads to a significant improvement in the cell performance. These
findings provide important insights on the electrochemical steps that govern ORR kinetics on
LNO electrocatalyst, and ways to optimize these materials as cathode electrocatalysts for
intermediate temperature SOFCs (IT-SOFCs).

Carneiro, J. S. A., Brocca, R. A., Lucena, M. L. R. S., & Nikolla, E. (2017). Applied Catalysis
B: Environmental, 200, 106-113. Reprinted with permission from Copyright (2017) Applied
Catalysis B: Environmental
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4.1

Introduction
ORR plays an important role in many electrochemical energy conversion systems,

including SOFCs. SOFCs are solid-state electrochemical devices that convert the chemical
energy of combustible fuels into electrical energy at elevated temperatures. In these systems,
ORR occurs at the cathode and involves the electrochemical reduction of gas phase oxygen to
oxygen ions in the presence of electrons (1⁄2O2 + 2e- => O2-). This reaction is commonly
catalyzed by perovskite-type electrocatalysts that suffer from high overpotential losses,
especially when operating under intermediate temperature conditions (500 – 700 °C)

106

.

Recent reports have shown that nickelate oxide electrocatalysts with a layered crystal structure
exhibit promising activity for ORR, making these systems promising candidates for
intermediate-temperature SOFC cathode materials 81-84.
Nickelate oxides are MIEC materials that belong to first-order Ruddlesden-Popper
series, composed of alternating rocksalt and perovskite layers, generally expressed with the
formula A2MO4+δ107-108. They are characterized by the oxygen hyper-stoichiometry in their
lattice that is accommodated via the rocksalt-like layers

84-85

. It has been reported that

lanthanum nickelates (La2NiO4+δ, LNO) exhibit higher electrochemical ORR activity and
improved thermal compatibility with commonly used electrolytes when compared to most
traditional perovskite oxides

109

. Furthermore, through a combined theoretical/experimental

study, it has been established that the surface structure, controlled by the nanostructure, of
lanthanum nickelates plays an important role in their catalytic activity 53, 69.
Control over the nanostructure of nickelate oxides can be very challenging when they
are incorporated in SOFCs using current state-of-the-art fabrication methods, since these
methods involve co-sintering of the electrode electrocatalyst with the electrolyte oxide (i.e.,
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YSZ) at high temperatures (above 1000ºC), leading to chemical instability of the electrocatalyst
and formation of undesired oxide phases that act as insulators at the electrode/electrolyte
interface

108, 110-111

. This can be circumvented by synthesizing porous scaffolds of ion-

conducting oxides, i.e. YSZ, at the electrode that can serve as support for the electrocatalytic
particles. Porous oxide scaffold SOFC electrodes have been successfully implemented along
with infiltration of metal salts for in-situ synthesis of oxide electrocatalysts

112-114

. The main

challenge with co-infiltration of metal salts on porous scaffolds for in-situ synthesis of complex
metal oxide electrocatalysts is the limited control over the electrocatalyst nanostructure, and
the uniformity in the desired oxide phase within the scaffold matrix. Therefore, pre-synthesis
of nanostructured oxide electrocatalyst that allows for control over their chemical and
geometrical structure is necessary.
In this contribution, we discuss in detail the kinetics of ORR on nanostructured LNO
electrocatalyst with the aim of determining (i) the critical steps that govern ORR in these
catalysts, and (ii) ways to lower the overpotential losses associated with these steps. Kinetic
studies are conducted using symmetric solid oxide electrochemical cells. The LNO
nanostructures are synthesized using a reverse microemulsion synthesis method. In order to
preserve the nanostructure of the electrocatalyst during the fabrication of the symmetric cells,
scaffold-type electrode systems are developed. Our experiments show that the dominant
resistances during oxygen reduction on nanostructured LNO electrocatalysts are associated
with the vacancy healing/charge transfer step at the electrocatalyst/gas interface and oxygen
ion transfer from the electrocatalayst to the electrolyte. We show that the nanostructure of the
electrocatalytic particles significantly impacts the energetics associated with these steps, with
nanorod-shaped lanthanum nickelate exhibiting the lowest barriers as compared to traditional
spherical particles. The apparent activation barriers for these processes on nanorod-shaped
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LNO are98.43  0.87kJ/mol and 103.08  2.78 kJ/mol, respectively. The overall barrier
obtained for ORR on LNO nanorods is 100.91  1.05 kJ/mol, which is significantly lower than
the ones reported for traditional perovskite-type electrocatalysts 115-117. In agreement with our
kinetic data, SOFCs composed of nanorod-shaped LNO cathode electrocatalyst exhibited
improved electrochemical performance (higher power density) when compared to the ones
composed of LNO nanospheres. These studies lay the groundwork for tuning the
electrocatalytic ORR activity of LNO nanostructures and open up opportunities for utilizing
these materials as cathode electrocatalysts for intermediate temperature SOFCs (IT-SOFCs).
4.2

Experimental Methods
4.2.1

Synthesis of La2NiO4+δ Nanostructures

All chemicals are used as commercially received without further purification. The
nanostructured LNO catalyst is prepared using a reverse-microemulsion assisted sol-gel
method, as previously reported 53, 69. Two systems are separately prepared, each one containing
a

reverse-microemulsion

consisting

of

CTAB/water/hexane/n-Butanol.

The

first

microemulsion is obtained by mixing La(NO3)36H2O (99.999%, Sigma Aldrich) and
Ni(NO3)2H2O (98%, Alpha Aesar) with deionized water. The second one is obtained by
mixing NaOH (ACS grade, Fisher) and deionized water. After homogeneity is achieved in both
systems, the microemulsion containing NaOH is added to the system containing the metal salts.
This final solution is maintained under stirring for 4 hours until a gel suspension is obtained.
The product is then centrifuged and washed using ethanol and deionized water. This is followed
by drying at 80°C for 12 hours and calcination at 825°C for 2 hours under argon.
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4.2.2

Synthesis of Electrochemical Cells

4.2.2.1 Symmetric Electrochemical Cells
Two-electrode, symmetric solid oxide electrochemical cells have been widely used to
determine the high temperature ORR kinetics on mixed ionic/electronic conducting oxide
electrocatalysts

104, 116, 118

. These electrochemical systems are characterized by two identical

symmetric electrodes that are separated by an oxygen ion-conducting electrolyte, i.e., YSZ.
The YSZ membrane is fabricated by dry-pressing sieved (125 microns) YSZ powder (TZ-8Y,
Tosoh) followed by sintering at 1450 °C for 4 hours in air. Subsequently, a porous YSZ scaffold
is synthesized using a ball-milled mixture of YSZ (70 wt%), graphite (30 wt%, 99.9995 %, 325
mesh, Alpha Aesar), fish oil (Sigma, from Menhaden), butyl benzyl phthalate (Richard E.
Mistler Inc.), polyalkylene glycol (The Dow Chemical Company), and polyvinyl butyral
(Richard E. Mistler Inc.), which is sprayed symmetrically on both sides of the sintered YSZ
membrane. The assembly is heated to 600 °C and then sintered at 1450 °C for 4 hours. The
LNO nanorods are dispersed in ethanol by sonication, followed by drop coating – ~ 1 mg of
electrocatalyst – over the YSZ scaffold, and curing at 400 °C for 3 hours (Figure 4.1c).
4.2.2.2 Anode-supported SOFCs
Anode-supported SOFCs are synthesized by initially ball-milling NiO (99%, Alpha
Aesar), YSZ and graphite (1:1:0.6 weight ratio) in ethanol for 48 hours. Subsequently, the
slurry is collected, dried, grinded, sieved, and pressed at 3000 psi into pellets (13 mm diameter).
The pellets are sintered at 1100°Cfor 3 hours and the electrolyte solution (YSZ suspended in
ethanol) is spin-coated over one side of the porous NiO-YSZ pellet. The anode-electrolyte
assembly is then sintered at 1450 °C for 4 hours. The final thickness of the anode and electrolyte
layers is~500 µm and ~15 µm, respectively. A porous YSZ scaffold layer, synthesized as
described in Section 4.2.2.1, is sprayed over the electrolyte side and sintered at 1450 °C. The
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LNO catalyst is drop coated over the YSZ scaffold, as described in Section 4.2.2.1, and sintered
at 400 °C for 3 hours. The final geometric area of the cathode was 0.1 cm2.
4.3

Electrochemical Studies
In all the electrochemical studies, Au mesh (100 LPI, Precision E forming) is used as

current collector and Au wires (Alfa Aesar) are used as electrical leads on both electrodes. Au
paste (TED Pella) is applied to adhere the electrochemical leads to the electrodes due to its
insignificant activity toward oxygen reduction reaction 65. The cells were attached to the reactor
using an Al2O3–based paste. Electrochemical Impedance spectroscopy (EIS) studies are
performed using a Gamry 300 potentiostat (Gamry Inst. Warminster, PA). All polarization
resistances are measured under open circuit conditions (OCV, thermodynamic potential), in a
frequency range of 1 MHz - 0.01 Hz, with a 10 mV AC perturbation. The symmetric cells are
placed in a single chamber reactor under a controlled O2/N2 atmosphere (the oxygen partial
pressure, 𝑃𝑂2 , was varied from 0.04 to 1 atm). EIS experimental data is fitted using the Gamry
EIS300 Electrochemical Impedance Spectroscopy Software.
In the case of the electrochemical studies with SOFCs, the NiO/YSZ anode is reduced
overnight at 700 °C under a flow of 30% H2/N2 (20 ml min-1). Linear sweep voltammetry tests
are performed with the SOFC cathode exposed to air and the anode exposed to ultra-high purity
hydrogen gas (50 ml min-1). The polarization curves (I-V curves) are obtained from OCV to
0.15 V using a scan rate of 30 mV/s. Electrochemical stability studies are conducted with the
SOFC operating in galvanostatic mode at 700 °C with the current density set at 700 mA/cm2.
In these studies, the cathode is left open to air, while the anode is exposed to ultra-high purity
hydrogen gas (50 ml min-1).
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4.4

Characterization
X-ray diffractometer (XRD, D2 Phaser, Bruker) with Cu Kα radiation (λ = 0.15418 nm)

is used to characterize the crystal structure of the electrocatalysts before and after the
electrochemical studies. The X-ray diffraction patterns are recorded over 2θ values of 20º to
80º with the rate of 0.04º/min.
The morphology and elemental composition of the electrocatalysts are determined
using a field-emission scanning electron microscope (FE-SEM, JSM 7600, JEOL Inc., Japan)
equipped with an energy dispersive x-ray spectrometer (EDS).SEM and EDS images were
obtaining using an accelerating voltage of 15 kV and working distance of 6 mm. Crosssectional image of the electrode were obtained by blading the pellet in half through the center
region of the electrode.
4.4.1

Surface Area Measurements

The two commonly used approaches for defining the electrode active interfacial area in
solid oxide electrochemical cells are: (i) using the geometric area of the electrode

119

, and (ii)

Newman’s method 120, which is mainly used to approximate the triple phase boundary region
(TPB, the interface between the electrocatalyst, electrolyte and gas-phase). As we discuss in
detail below, in mixed ionic/electronic conducting oxides, such as in the case of LNO, the
mechanism that governs ORR involves the entire area of the electrocatalyst and the
electrocatalyst/electrolyte interface, and it is not limited to the TPB region. As such, the
geometric interfacial area of the electrode (S) – interfacial area between the electrolyte disk
and the electrode – is used to approximate the active area of the electrode. This method is only
applied to the studies in which the nature of the electrocatalyst is not changed.
In the case when we discuss the effect of the nanostructure of the electrocatalyst
(Section 4.3.4), the cell resistances are normalized by the μmols of O2chemisorbed per physical
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surface area of the electrocatalyst (LNO). This is obtained by combining O2 chemisorption and
N2 physisorption studies using the Micromeritics ASAP 2020 analyzer. The O2 chemisorption
studies are used to obtain the μmols of O2chemisorbed per gram of catalyst, while the N2
physisorption is used to determine the physical surface area per gram of catalyst. The procedure
for O2 chemisorption studies involves exposing the electrocatalysts to vacuum for 3 hours at
300 °C. This is followed by heating the sample to 500 °C in inert atmosphere and exposing it
to pure O2 in a pressure range from 1 – 213.55 mmHg. The amount of O2 chemisorbed is
evaluated by analyzing the plateau region (20 – 140 mmHg) of the isotherm. In the N2
physisorption studies, the sample is first degassed under vacuum at 350 °C for 2 hours followed
by cooling in liquid nitrogen and performing N2adsorption –desorption measurements.
All the electrocatalysts are characterized before and after these studies using XRD and
SEM to assure that no changes in the structure of the electrocatalysts occurred during these
studies.
4.3

Results & Discussion
4.3.1

Synthesis and Characterization of LNO-based Electrodes

We have used a reverse microemulsion method to pre-synthesize the desired
nanostructures of LNO53, followed by impregnation of these nanostructures on pre-sintered
YSZ electrode scaffolds (See Experimental Methods for details). A scanning electron
micrograph (SEM) of typical, as-synthesized LNO nanorods is shown in Figure 4.1a.
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Figure 4.1. LNO/YSZ characterization: (a) Scanning electron micrograph (SEM) of LNO
nanorods. (b) Standard pattern for bulk LNO ceramics (black) and XRD spectra of pure YSZ
pellet/scaffold (red), LNO nanorods supported on YSZ scaffold (LNO/YSZ electrode) (blue)
and LNO/YSZ electrode after electrochemical studies (T = 750 – 550 °C) (green). (c) SEM of
LNO/YSZ scaffold electrode (electrode cross-sectional view). (d) Energy dispersive x-ray
spectroscopy (EDS) map of the electrode cross-sectional area shown in (c), where the YSZ
scaffold is mapped using zirconia (green) and LNO is mapped using lanthanum (red). (e) SEM
image showing top view of LNO nanorods coating and pure scaffold (inset).
Figure 4.1b shows the XRD spectra obtained for the synthesized nanostructured
LNO/YSZ electrode before and after the electrochemical studies. These XRD spectra are
mainly dominated by peaks associated with LNO, YSZ and gold (current collector) as
expected, suggesting that no detectable secondary crystalline phases were formed between
LNO and YSZ during the electrochemical studies, and the crystallite structures of LNO and
YSZ were preserved after synthesis and EIS studies. Scanning electron microscopic (SEM)
(Figures. 4.1c and 4.1e) and energy- dispersive x-ray spectroscopic (EDS) (Figure 4.1d) studies
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show the microstructure of the LNO/YSZ electrode after synthesis. These images demonstrate
the uniformity in the distribution of LNO nanorods over the scaffold surface, as well as the
preserved nanostructure of LNO rods after synthesis (Figure 4.1e). In addition, this approach
leads to a fairly large interfacial region between the electrocatalyst and the electrolyte, which
should enhance the electrochemical rates.
4.3.2

Oxygen Reduction Kinetics using Symmetric Electrochemical Cells

Typical EIS spectra for a symmetric cell containing YSZ scaffolds at the electrode and
LNO nanorods (LNO-nanorods/YSZ|YSZ|LNO-nanorods/YSZ) measured at OCV, in an
oxygen atmosphere (𝑃𝑂2 = 1atm) and temperatures of 550, 650 and 750C are shown in Figures
2a–2c. In these plots Relectrolyte describes the ohmic resistance induced by the electrolyte, while
Zelectrode describes the electrode polarization resistance obtained from the normalization of the
raw complex resistance (excludes ohmic resistance) by the electrode geometric interfacial area
(S = 0.1 cm2). Figures 4.2a –4.2c show that Zelectrode is composed of two main arcs for all
temperatures. As the temperature increases, the size of these arcs decreases suggesting that the
electrochemical processes that contribute to these resistances are becoming more facile at
higher temperatures.
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Figure 4.2. Electrochemical characterization of symmetric cells: Impedance spectra for LNOnanorods/YSZ|YSZ|LNO-nanorods/YSZsymmetric cells under 𝑃𝑂2 = 1atm at an operating
temperature of (a) 550oC, (b) 650oC (c) 750oC. The polarization resistance of the electrode
(Zelectrode) is obtained from the normalization of the raw impedance by the electrode area. (d)
Equivalent circuit is used to fit of the polarization resistance curves.
It has been shown that ORR can follow distinct pathways in SOFC cathodes based on
the properties of the electrocatalyst and the electrocatalyst/electrolyte interface

26, 121

.The

predominant pathway in mixed ionic/electronic conducting oxide electrocatalysts has been
shown to involve oxygen adsorption, followed by redox oxygen exchange on the electrocatalyst
surface (𝑂𝑎𝑑𝑠 + 2𝑒 − + 𝑉𝑂.. ⇔ 𝑂𝑋𝑂 ), and transport of the oxygen ions through the bulk of the
mixed ionic/electronic conducting electrocatalysts to the electrocatalyst/electrolyte interface,
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where the final step occurs involving the oxygen ion transfer at the electrocatalyst/electrolyte
2−
interface (𝑂𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑐𝑎𝑡𝑎𝑙𝑦𝑠𝑡
+ 𝑉𝑂.. (𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑙𝑦𝑡𝑒) ⇔ 𝑂𝑋𝑂 (𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑙𝑦𝑡𝑒) )26, 121. Since LNO is a mixed

ionic-electronic conducting electrocatalyst that exhibits high ion conductivity85, a similar
pathway is assumed to dominate the ORR kinetics on these materials 81.
In order to identify the steps that limit ORR on LNO nanostructures, an analysis of the
polarization resistances that arise from the electrochemical steps that govern ORR on LNO,
using an equivalent circuit of the type LRe(RiQi)(RiiQii)(Figure4.2d) is conducted. This
equivalent circuit model is the best fit to the raw EIS data among the models used to describe
ORR on mixed ionic-electronic conducting electrocatalysts. In this model, L accounts for the
inductance caused by the electrical connections, Re represents the ohmic resistance of the YSZ
electrolyte, and the circuit elements composed of a resistance in parallel with a constant phase
element (RiQi and RiiQii) represent the two processes that lead to the polarization resistances in
the symmetric cells at high frequency (RiQi) and low frequency (RiiQii) ranges.
The activation barriers for the electrochemical processes governing ORR on electrodes
containing LNO nanorod electrocatalyst are obtained from the slopes of the plot of the natural
log of the obtained polarization resistances as a function of inverse temperature. This is based
on the Arrhenius relationship between the polarization resistance and the activation energy
barrier 119:
𝐸

𝑎𝑐𝑡
𝑅𝑎𝑐𝑡 (𝑇) = 𝐵𝑒𝑥𝑝 ( 𝑅𝑇
)

(4.1)

where Ract represents the polarization resistance at a given temperature (T), E act is the activation
barrier for the process exhibiting the polarization resistance, and B represents the preexponential factor (Ω cm2) related to the electrode active interfacial area.
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Initially, we have determined the activation barriers associated with the polarization
resistances described by the two main impedance arcs in Figures 4.2a – 4.2c. Figure4.3a shows
the Arrhenius relationships between the polarization resistances (R1 and R2) of the two
impedance arcs as a function of inverse temperature. R1 and R2 are obtained by multiplying the
two raw resistances (Ri and Rii) of the electrodes by S/2, in order to normalize by surface area
of the electrode (S) and account for the contributions from the two identical electrodes. (See
Experimental Methods for details). Based on the slopes of these plots, the activation energies
(Ea1 and Ea2) associated with the two electrochemical processes described by resistances R1
and R2are calculated to be103.08  2.78 kJ/mol and 98.43  0.87kJ/mol, respectively. These
activation barriers are very similar in magnitude suggesting that both processes play a
significant role in ORR.Figure4.3b shows the overall activation barrier for ORR on LNO
nanorods (100.91  1.05 kJ/mol) based on the area specific resistance (ASR), which is
calculated as ASR = Zelectrode/2. This value is significantly lower than the ones reported for
traditional perovskite-type electrocatalysts 115-117, suggesting that these materials are promising
electrocatalysts for catalyzing ORR at intermediate temperatures.
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Figure 4.3. Kinetics of ORR on symmetric cells containing LNO nanorods: (a) Arrhenius
plotsofthe two main resistances, Rx (x = 1 (◼, black) or 2 (◼, red)), during ORR on LNO
nanorods at 𝑃𝑂2 of 1 atm and OCV. (b) Arrhenius plot used to determine the overall activation
barrier for ORR on LNO nanorod electrocatalysts. The data is obtained using the average of
three independent experimental runs for each case.
In order to identify the processes that govern R1 and R2, their dependences on the partial
pressure of oxygen, and electrocatalyst nanostructure are investigated.
4.3.3

Dependence of the Electrochemical Behavior on Oxygen Partial Pressure

In the oxygen partial pressure variation studies, we find that the electrode polarization
resistance and 𝑃𝑂2 are related as 𝑅 ~ 𝑎(𝑃𝑂2 )−𝑛 , similar to literature reports 104, 118, 122. The value
of n is experimentally found to characterize the nature of the electrochemical step that occurs
at the electrode

120

. The following relationships between n and the electrochemical steps in

ORR have been reported 120, 123:
When n=1, the step involves molecular oxygen adsorption: 𝑶𝟐 (𝑔) ⇔ 𝑶𝟐,𝒂𝒅𝒔
When n=1/2, the step involves dissociation of gas-phase oxygen to atomic oxygen: 𝑶𝟐,𝒂𝒅𝒔 ⇔
𝟐𝑶𝒂𝒅𝒔
When n=1/4, the step involves charge-transfer/vacancy healing: 𝑶𝒂𝒅𝒔 + 𝟐𝒆− + 𝑽..𝑶 ⇔ 𝑶𝑶
𝑿
The correlation between the polarization resistances and 𝑃𝑂2 are shown in Figures 4.4a
and 4.4b in terms of the linear dependence between the log of the resistances (R 1 and R2) and
the log of 𝑃𝑂2 , at high (700 °C) and low (500 °C) temperatures. The plots show that the
polarization resistances decrease as the partial pressure of oxygen increases. From the slopes
of the plots in Figure4.4a, n values of 0.08 and 0.125 are obtained. These n values are lower
than any of the cases discussed above, making it difficult to relate this resistance to any of the
ORR steps mentioned above. On the other hand, the dependence of R2 on 𝑃𝑂2 is higher, with a
slope of approximately 0.2 for both temperatures, suggesting that R2 describes the polarization
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resistance of a charge-transfer/vacancy healing step (𝑶𝒂𝒅𝒔 + 𝟐𝒆− + 𝑽𝑶.. ⇔ 𝑶𝑶
𝑿 ).
In order to identify the electrochemical step associated with R1, the dependence of the
capacitance on the partial pressure of O2 is analyzed. Capacitance values are indicative of the
electrode region involved in a particular electrochemical process (i.e., electrocatalyst surface,
electrocatalyst bulk, electrocatalyst/electrolyte interface)26, 104, 118, 124-125. Capacitance is related
to the polarization resistance as:
1

𝐶𝑥 =

(𝑅𝑥 𝑄𝑥 )𝑘𝑥

(4.2)

𝑅𝑥

where k is a parameter that indicates the similarity of Q (the non-ideal capacitor) to a true
capacitor (C), obtained from model fitting. We have calculated the capacitance values
associated with both R1 and R2 at different oxygen partial pressures and temperatures. We find
that the values of C1 (capacitance associated with R1) are approximately 10-7 to 10-6 F (Figure
4.4c), or 10-6 to 10-5 F/cm2. These capacitance values fall within the range of the double-layer
capacitances

124

, and are similar to the interfacial polarization capacitances reported fora

Pt/YSZ interface (10 -6 to 10-5F/cm2) 26. As such, our results suggest that R1 is associated with
a process at the electrocatalyst/electrolyte interface, such as the oxygen ion transport through
..
𝑶
this interface, (𝑶𝟐−
𝑳𝑵𝑶 + 𝑽𝑶 ⇔ 𝑶𝑿 ). This is consistent with literature reports that show that

processes with weak oxygen partial pressure dependence and capacitances around 10 -6 F, are
associated with the oxygen ion transport from the electrocatalyst to the electrolyte 118, 126. In the
case of R2, the capacitance values (~ 10-4to 10-3F, or 10-3to 10-2F/cm2)are found to be similar
to the ones associated with processes involving the adsorption and exchange of oxygen on a Pt
electrode (~10-3 F/cm2) 26. This is consistent with assigning R2 to overpotential losses associated
with the charge-transfer/surface vacancy healing reaction step (𝑂𝑎𝑑𝑠 + 2𝑒 − + 𝑉𝑂.. ⇔ 𝑂𝑋𝑂 )104,
118, 125-126

.
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Figure 4.4. Dependence of the polarization resistances and capacitances on the oxygen partial
pressure: (a) R1 and (b) R2 on the oxygen partial pressure at 700°C (◼, red)and 500°C (◼,
black). (c) Dependence of capacitance, C1, on the oxygen partial pressure at 500°C (□, black)
and 700°C (□, red), and (d) Dependence of C2 on the oxygen partial pressure at 500°C and
700°C.
4.3.4

Dependence of the Electrochemical Behavior on the Electrocatalyst

Nanostructure
The effect of electrocatalyst nanostructure (well-structured nanorods vs. traditionally
used spheres (truncated polyhedrons)) on the electrochemical kinetics associated with ORR on
LNO/YSZ electrodes is also investigated. In these studies, symmetric cells with porous scaffold
electrodes are employed. Figures 4.5a and 4.5b show scanning electron micrographs of the
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scaffold-type electrodes impregnated with LNO nanorods and nanospheres, respectively.
(a)

(b)

1 μm

1 μm

Figure 4.5. Scanning electron microscopy of electrodes containing: (a) LNO nanorods and (b)
LNO nanospheres.
Figures 4.6a and 4.6b show the Arrhenius plots (measured from 550 to 700 °C) and the
energy barriers associated with the charge transfer/vacancy healing and oxygen ion transport
through the electrocatalyst/electrolyte interface steps on porous electrodes containing LNO
nanorods and LNO nanospheres. In these plots, the polarization resistances are normalized per
μmol of O2 chemisorbed per surface area of the electrocatalyst (Details are found in the
Experimental Section). It is clear from these results that the electrodes containing LNO
nanospheres exhibit higher activation barriers for both steps (Ea1, nanospheres = 116.1.087 
1.087kJ/mol and Ea2, nanospheres = 125.84  6.87kJ/mol) than the ones containing LNO nanorods
(Ea1,rods = 103.2.78  2.78kJ/mol and Ea2,rods = 98.43  0.87kJ/mol). This consistent with our
reported density functional theory calculations53, which showed that (001) NiO terminated
surface facets of LNO (that mainly dominate the surface of LNO nanorods) exhibited the
highest rates for oxygen exchange as compared to [111], [100] and [001] LaO terminated LNO
surfaces. Our calculations suggested that this was due to the fact that the (001) NiO terminated
LNO surface provides the best compromise between the energy associated with surface oxygen
vacancy formation and the energy required for dissociative adsorption of oxygen. This is
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supported by the results obtained here, which show that the symmetric cells containing LNO
nanorods exhibit a much lower activation barrier (Ea2, rods= 98.43  0.87 kJ/mol) for the charge
transfer/vacancy healing step than symmetric cells containing LNO spheres (Ea2, nanospheres =
125.84  6.87 kJ/mol). We find that the overall ORR activation barrier is lower for cell
containing LNO nanorods as compared to the ones with LNO nanospheres. This reinforces the
fact that the surface structure of LNO plays a key role in the chemistry-associated with ORR.
These findings also demonstrate that the charge transfer/vacancy healing and oxygen ion
transport through the electrocatalyst/electrolyte interface steps are key steps at controlling ORR
kinetics on nickelate oxides.
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Figure 4.6. Kinetics of ORR on LNO electrocatalyst with different nanostructures: Arrhenius
plots of (a) R1 and (b) R2 for symmetric cells containing LNO nanorods (◼, red) vs. the ones
containing LNO nanospheres (☐, black). The data is obtained using the average of three
independent experimental runs per each case.
4.3.5

Electrochemical Performance of LNO Nanostructures in SOFCs

LNO nanostructures are incorporated as cathode electrocatalysts in anode-supported
SOFCs. All cells contained identical anodes composed of Ni/YSZ, and thin YSZ electrolytes.
The details are found in the Experimental Section. The cells were tested at different
temperatures with the cathode exposed to air, while the anode was exposed to H2 at a total flow
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rate of 50 ml min-1. Figure 4.7 shows the I-V and power density curves for the SOFCs
containing LNO nanospheres (Figure 4.7a) and LNO nanorods (Figure4.7b) at the cathode at
600 and 700 °C. Figure 4.7 shows that the cells containing LNO nanospheres led to maximum
power densities of ~121 and 321 mW cm-2 at 600 and 700 °C, respectively, and current densities
of ~0.41 and 1 A cm-2 at 600 °C and 700 °C, respectively. The cells containing LNO nanorods
achieved much higher power densities of ~176 and 575 mW cm-2 at 600 °C and 700 °C,
respectively, and current densities of ~0.57 and 1.62 A cm-2 at 600 °C and 700 °C, respectively.
Significant improvement in the performance of the SOFCs containing LNO nanorods is
observed, especially at 700°C. At lower temperature (i.e. 600 °C) the performance differences
between cells containing LNO rods and spheres is not as significant. This is due to the fact that
at temperatures below 700 °C, the oxygen conductivity through the YSZ electrolyte starts
becoming a challenge127, and suppresses the impact of the cathode electrocatalyst on the overall
performance of the cell. Therefore, the incorporation of the LNO nanorod electrocatalysts in
SOFC systems containing high oxygen conducting electrolyte membranes (i.e., cerium-based
oxide conductors128) should improve the performance of these cells even further at intermediate
temperatures 116, 115.
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Figure 4.7. Electrochemical performance of SOFCs containing LNO electrocatalyst with
different nanostructures: (a) LNO nanospheres, and (b) LNO nanorods. Current density (solid
markers) and power density (open markers) curves for cells operated at 600°C (black square)
and 700°C (red circle).
Stability of the nanostructure of LNO has also been tested under SOFC operating
conditions. Figure4.8a shows the results of the stability test for an anode-supported SOFC with
the cathode containing LNO nanorods operated at 700 °C under constant current of 700
mA/cm2. The cell voltage was monitored over 130 hours under these conditions. In this study,
the anode was exposed to 50 ml min-1 H2 and the cathode was left open to air. A stable
performance was maintained for over 130 hours of operation. Figures 4.8b and 4.8c show
scanning electron micrograph and XRD spectra of the reacted SOFC cathodes containing LNO
nanorods, respectively. Figures 4.8b and 4.8c show that no changes in the crystal structure (as
corroborated by XRD, Figure 4.8b) or nanostructure of the catalysts occurred under reaction
conditions. These studies suggest that the LNO nanorods, in addition to exhibiting superior
performance to LNO spheres, are also very stable under reaction conditions.
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Figure 4.8. Stability test of anode-supported SOFC with the cathode containing LNO
nanorods: (a) Galvanostatic test (at 700 mA/cm2) measured over 130 hours of SOFC operating
at 700 °Cwith cathode open to air and anode expose to 50 ml min -1 H2. (b) XRD spectra of
post-reacted cell: (i) SOFC after electrochemical studies, (ii) SOFC before reaction, and (iii)
baseline – cell containing NiO/YSZ anode, YSZ electrolyte and cathode YSZ scaffold. Note
that gold paste was used for the cell assembly and peaks related to this element can be detected
in the post-reacted pellets. (c) Scanning electron micrograph of SOFC cathodes containing
LNO nanorods after 130 hours of operation.
4.4

Conclusions
We have established that there are two main processes that govern ORR on LNO

electrocatalysts: charge transfer/surface oxygen vacancy healing at the electrocatalyst/gas
interface and oxygen ion transport through the electrocatalyst/electrolyte interface. We find
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that varying the nanostructure of the LNO (from nanorods to nanospheres (truncated
polyhedrons)) significantly affects the activation barriers associated with ORR, with LNO
nanorods exhibiting lower overall ORR activation barrier (100.91  1.05 kJ/mol) as compared
LNO spheres (120.56 1.76 kJ/mol). We also report that incorporating the LNO nanorods in
SOFC cathodes significantly improves the electrochemical cell performance. These findings
suggest that (i) enhancing the ORR activity of LNO for operation at intermediate temperatures
will require finding ways to lower the activation barriers associated with the charge
transfer/surface oxygen vacancy healing and oxygen ion transport through the
electrocatalyst/electrolyte interface steps, and (ii) the nanostructure of LNO plays a role in
catalyzing these processes and can be used as a tool to improve their activity at intermediate
temperatures.
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CHAPTER 5. EFFICIENT OXYGEN ELECTROCATALYSIS BY
NANOSTRUCTURED MIXED METAL OXIDES
ABSTRACT
Oxygen electrocatalysis plays a critical role in the efficiency of important energy
conversion and storage systems. While many efforts have focused on designing efficient
electrocatalysts for these processes, optimal catalysts that are inexpensive, active, selective
and stable are still being searched. Nonstoichiometric, mixed metal oxides present a
promising group of electrocatalysts for these processes due to the versatility of the surface
composition and fast oxygen conducting properties. Herein, we demonstrate, using a
combination of theoretical and experimental studies, the ability to develop design principles
that can be used to engineer oxygen electrocatalysis activity of layered, mixed ionicelectronic conducting Ruddlesden-Popper (R-P) oxides. We show that a density function
theory (DFT) derived descriptor - O2 binding energy on a surface oxygen vacancy – can be
effective in identifying efficient R-P oxide structures for ORR. Using a controlled synthesis
method, well-defined nanostructures of R-P oxides are obtained, which along with
thermochemical and electrochemical activity studies are used to validate the design
principles. This has led to the identification of a highly active ORR electrocatalyst,
nanostructured Co-doped lanthanum nickelate oxide, which when incorporated in solid
oxide fuel cell cathodes significantly enhances the performance at intermediate
temperatures (~550 °C), while maintaining long-term stability. The reported findings
demonstrate the effectiveness of the developed design principles to engineer mixed ionicelectronic conducting oxides for efficient oxygen electrocatalysis, and the potential of
nanostructured Co-doped lanthanum nickelate oxides as promising catalysts for oxygen
electrocatalysis.
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5.1

Introduction
ORR and OER are critical to the overall efficiency of energy conversion and storage

devices129-136, such as SOFCs and SOECs.103,

137-142

Commonly used perovskite

electrocatalysts exhibit high overpotential losses for these reactions. 52, 143 Consequently,
operation of these devices at elevated temperatures is required to achieve reasonable
electrochemical rates, resulting in high cost, low energy efficiency, and slow start-up and
shutdown cycles.137,

144

Development of more active and stable electrocatalysts for

ORR/OER is imperative to improve the performance of these systems, lower their operating
temperatures, and enhance their potential for alleviating challenges with the current energy
infrastructure.
First-series R-P oxides with a formula of A2BO4 (i.e., La2NiO4+δ, LNO) have shown
potential as electrocatalysts for ORR/OER, due to their high mixed ionic-electronic
conductivities.53, 104, 145-151 This family of materials exhibits a layered structure composed
of alternating rock-salt (AO) and perovskite (ABO3) layers (Figure 1a).152 Unlike
perovskites, the interstitial sites in AO layers of R-P oxides accommodate excess oxygen
facilitating fast oxygen transport.153 ORR and OER on first-series R-P oxides are generally
governed by the surface oxygen exchange process154, which is highly dependent on the
surface structure and composition of these materials.

145, 155-160

B-site terminated (001)

surfaces of these oxides are reported to be catalytically more active than A-site terminated
ones.52, 157, 161 However, controlled termination of the oxide surface is challenging, since
the surface structure is highly affected by the preparation and treatment conditions, which
often lead to A-site terminated surfaces.87, 142, 156, 162 Doping the B-site (Ni) in LNO with a
less oxophilic transition metal, such as Cu, has shown to lead to a decrease in the activity
for surface oxygen exchange163, while doping it with a more oxophilic metal, such as Co,
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leads to an improvement in activity.164-165 Although many efforts have been reported on
linking the activity of these oxides to their bulk properties, the underlying factors governing
their structure-activity relations for surface oxygen exchange remain elusive due to their
complex nature and challenges with controlling and characterizing their surface
structures.166 These challenges have led to substantial inconsistencies in the experimentally
reported surface oxygen exchange kinetics even on the same oxide 155, hindering informed
decision making regarding the performance and suitability of these materials for
ORR/OER.
Here, the underlying factors governing the surface oxygen exchange process
(consequently, ORR and OER) on R-P oxides are systematically investigated using density
functional theory (DFT) calculations along with isotopic oxygen exchange studies. We
show that a compromise between the energetics of O2 dissociation and surface oxygen
vacancy formation is needed to achieve optimal ORR/OER activity on these complex
mixed metal oxides, which can be predicted by the O2 binding energy on a surface oxygen
vacancy. A series of R-P oxide nanostructures are synthesized with well-controlled surface
structure to validate the design principles. The observed experimental activity trend for
surface oxygen exchange is consistent with the theoretical predictions. The predicted Codoped lanthanum nickelate oxides exhibit the highest ORR activity, significantly enhancing
the performance of intermediate-temperature SOFCs (~550 ℃) achieving much higher
power densities as compared to literature reports on similar systems. These results
demonstrate that (i) the developed theory-guided design principles can successfully guide
the development of optimal, complex mixed ionic-electronic conducting oxides for oxygen
electrocatalysis, and (ii) nanostructured Co-doped lanthanum nickelate oxides are
promising electrocatalysts for ORR.
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5.2

Methods
5.2.1

Computational Methods

Spin-polarized DFT calculations are performed using Vienna ab initio Simulation
Package (VASP).93-94 The exchange-correlation interaction is described by the generalized
gradient approximation (GGA) and PBE functional. The Kohn-Sham equations are solved
by a plane-wave basis set with a kinetic energy cutoff of 400 eV. We focus on the firstseries R-P oxides with a formula of La2Ni1-xBxO4 (B = Mn, Fe, Co, Cu, and Al; x = 0, 0.5,
and 1). Homogeneous structures of the oxides with x = 0.5 are used (Figure B1). As noted
above, these oxides generally exhibit oxygen hyper-stoichiometry. The effect of the
interstitial oxygen on the binding energies of atomic oxygen and O 2 on a surface oxygen
vacancy is considered. The calculated binding energy differences between that on
hyperstoichiometric and stoichiometric surfaces are less than 0.02 eV. This suggests that
the interstitial oxygen has minimal effect on the kinetics of surface oxygen exchange,
consistent with the reported experimental results. 167 Thus, the stoichiometric structures are
used for the DFT calculations to study the activity trends. The crystal structure of bulk RP oxides with tetragonal symmetry in the I4/mmm space group is used to model the (001)
surface using a thirteen-layer slab model with (2×2) unit cell. The orthorhombic distortions
including tilting of the BO6 octahedron are considered as reported in the literature. 168-169 A
(2×2×1) k-point mesh is used to sample the surface Brillouin zone, and a 12 Å vacuum is
introduced with correction of dipole moment between the repeated slabs along z-direction.
During optimization, the bottom-two layers of the slab are fixed, while the remaining atoms
and adsorbates are relaxed until the residual force is less than 0.02 eV/Å. DFT+U is used
for the 3d-orbitals of these transition metals to overcome the shortcomings of the exchangecorrelation functional in describing the electrons of transition metal oxides. The U values
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used for Mn, Fe, Co, Ni, and Cu are 4.0, 4.0, 3.3, 6.4, and 4.0, respectively, which are
adopted from literature.170 The effect of the U value on the binding energies of O 2 on a
surface oxygen vacancy (activity descriptor) is also considered. On La2NiO4, the calculated
binding energies are -1.30, -1.18, and -1.01 eV when the U value for Ni is varied from 5.4,
6.4, to 7.4. This suggests that the binding would become slightly weaker as the U value
increases. A similar trend of the rate of decrease in binding energy as a function of an
increase in U is found for the other oxides, suggesting that the U value has limited effect
on the overall activity trend.
5.2.2

Synthesis

Pure La2NiO4+δ and B-site doped La2Ni0.88B0.12O4+δ (B= Fe, Co, and Cu) oxides are
synthesized using a reverse microemulsion method.52-53 Briefly, two separate quaternary
reverse microemulsions each containing a surfactant (CTAB), hexane, and n-Butanol are
prepared. In the first reverse microemulsion, an appropriate amount of the precipitating
agent (KOH) is added, while in the second one the nitrate salts are added with the
appropriate ratios that result in a A2BO4 structure. This is followed by mixing the two
microemulsions and stirring for 4 hours. The resulting gel is separated by centrifugation,
washed, dried, and calcined to yield the desired catalyst. The details of the synthesis for the
catalysts are provided in the Appendix B.
5.2.3

Characterization

SEM images are collected on a JEOL JSM-7600F field emission instrument. To
prevent charging due to the electron beam, samples are sputtered with a thin layer of Au,
prior to loading onto the microscope chamber. High angle annular dark field-scanning
tunneling electron microscopy (HAADF-STEM) images are collected on a double
aberration-corrected JEOL JEM-3100R05 microscope equipped with a cold field-
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emissionelectron source and a Gatan 965 energy filter system. All operations are conducted
at an accelerating voltage of 300 kV. JEOL 2100 Cs TEM/STEM microscope operating at
200 kV is used to collect TEM/STEM images and perform energy dispersive X-ray
spectroscopy (EDS) line scanning. Samples are prepared by sonicating a dilute suspension
of the nanostructures in methanol, followed by sequential drop coating on a holey carbon
grid. The line-scans are performed at a 0.1-nm step size.
Low energy ion scattering spectroscopy (LEIS) studies are conducted using an IONTOF Qtac100 spectrometer with a primary ion beam of 3 keV He+ or 5 keV Ne+. A dilute
suspension (~1 mg/ml) of the nanorods is deposited to form a uniform, thin film on a glass
slide for these studies. An area of 1500  1500 m is probed by each scan using 1 x 1014
ions cm-2 flux, and 3 keV pass energy. A spectrum is collected using 5 keV Ne+ as the probe
source and then sputtered with 0.5 keV Ar+ at a glancing angle successively (2000 x 2000
m raster) with doses of 0.5 x1015, 1 x1015, 2 x1015 and 5 x1015 ions cm-2, where a sputter
dose of 1 x1015 ions cm-2 is sufficient to remove about one monolayer of atoms. The areas
under the curves are calculated using GRAMS32 software.
AR-XPS of the thin films of the catalysts (pelletized followed by mixing the dilute
solution with a binder) are collected using a Kratos Axis Ultra XPS with a monochromatic
Al source of 0.5 eV resolution. High resolution scans are acquired at two different emission
angles, while tilting the sample at 0° and 80° with respect to the normal surface. CasaXPS
2.3. 18PR 1.0 software is used for peak fitting and data analysis, while NIST XPS database
is used as the reference for binding energies.
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5.2.4

Isotopic Oxygen Surface Exchange Kinetic Measurements

Steady state isotopic transient kinetic analysis (SSITKA) experiments are
conducted for all the synthesized nanostructures using experimental protocol adopted from
literature.63-64 The BET (Brunauer–Emmett–Teller) surface areas of the catalysts in this
study vary between 14-17 m2/g. In every experiment, approximately 10 mg of each catalyst
is loaded in a quartz plug flow reactor. The total flowrates of all the gases are kept constant
at 50 mL/min using mass flow controllers (MKS instruments). All the catalysts are initially
treated in a mixture of 2%

16

O2 and 1% Ar balanced in He at a temperature of 700°C to

ensure a clean surface, as well as, saturation of the catalyst sample with

16

O2 before

switching to the temperature of interest. Once the desired temperature is achieved, the gas
is switched from

16

O2 (2%

16

O2, 1% Ar as the inert tracer and 97% He) to

18

O2 (Sigma

Aldrich, 99%) at the same partial pressure. The outlet gas concentration is continuously
monitored using a quadrupole mass spectrometer (Perkin Elmer, Clarus 500) for 16O2, 18O2
and 16O18O.
5.2.5

Solid Oxide Fuel Cells

The anode of the SOFC is composed of a mixture of NiO, YSZ, and graphite
powders (1:1:1 weight ratio). The mixture is ball milled and later dry-pressed into pellets
of 13 mm diameter. Porosity is introduced in the pellet via graphite removal by heating at
400 ℃ for 2 hours. The electrolyte is deposited on the anode surface via spin-coating. The
resultant anode-electrolyte assembly is sintered at 1450 ℃ for 4 hours in air. A porous YSZ
scaffold layer (YSZ (70): graphite (30)) is sprayed over the electrolyte layer and sintering
at 1450 ℃ for 4 hours. The appropriate R-P oxide (~1 mg) dispersed in ethanol is drop
coated over the YSZ scaffold, and calcined at 400 ℃ for 3 hours. Consistently, the resulting
electrochemical cell have a cathode geometric area of 0.1 cm2 with ~500 m and 15 m
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thick anode and electrolyte layers, respectively. Gold mesh and gold wires are used as
current collectors and electrical connections, respectively. The cells are placed in alumina
reactors and the anode initially reduced for 12 hours at 700 ℃ under 30% H2/N2 atmosphere
(50 sccm). Thereafter, the anode is exposed to H2 at 50 sccm and cathode is exposed to O2
(300 sccm). Linear sweep voltammetry measurements are performed using a Gamry 300
potentiostat (Gamry Inst. Warminster, PA).
5.2.5.1 Symmetric Electrochemical Cells
The symmetric cells are comprised of two identical, symmetric electrodes separated
by a thick YSZ electrolyte (~360 µm). The symmetric electrodes contain a porous YSZ
scaffold layer, synthesized as shown above, to support the oxide nanostructures.
Approximately 1.5 mg of the appropriate R-P oxide is drop-coated onto the scaffolds on
each of the electrodes. Gold mesh and wires are used as current collectors and attached
symmetrically on the electrodes. The cell is placed in a single chamber alumina reactor
under a 50 sccm flow of O2. The reactor is heated to the desired temperature and impedance
spectra are obtained under OCV conditions from a frequency range of 106 to 0.01 Hz, with
an AC perturbation of 10 mV, using a Gamry Reference 3000 potentiostat. The components
of the time dependent impedance signal are de-convoluted by fitting to previously
described models using the Gamry Analyst software.
5.3

Results and Discussion
5.3.1

DFT Predicted Activity Trend for Surface Oxygen Exchange

The activity of electrochemical ORR/OER on R-P oxides is generally governed by
the surface oxygen exchange process as illustrated in Figure B2. The oxygen exchange
process is modeled by the following four elementary steps (steps 1-4).52, 155, 157
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OOX + Vi → VO•• + Oi

step 1

O2 + VO•• + * → O * +OOX

step 2

O * +OOX → O2 + VO•• + *

step 3

Oi + VO•• → OOX + Vi

step 4

where OOX is the surface lattice oxygen, Vi is a vacant interstitial site in the rock salt layer,
Oi is an interstitial oxygen in the rock salt layer, VO•• is an oxygen vacancy site on the

surface layer. The first step is the generation of a surface oxygen vacancy via a surface
lattice oxygen diffusion into an interstitial site. The second step involves the dissociation
of gas-phase O2 on this surface oxygen vacancy with one oxygen atom filling in the
surface oxygen vacancy and the other one binding to the surface as an oxygen adatom. In
the third step, evolution of the oxygen from the oxide to gas phase occurs via the oxygen
adatom association with a surface lattice oxygen, leaving behind a surface oxygen
vacancy. Lastly, the interstitial oxygen is transported to a surface oxygen vacancy to close
the catalytic cycle. These four elementary steps can also be simply combined into two
reversible steps:
OOX + Vi

k1
k−1

O2 + VO•• + *

VO•• + Oi
k2
k−2

O * +OOX

step 5
step 6

DFT calculations are used to determine the energetics associated with these elementary
steps as a function of the B-site composition (B = Mn, Fe, Co, Ni, Cu, and Al) on B-site
terminated (001) surfaces of these oxides (the most active surfaces for ORR 52, 157). These
studies show that doping the Ni-site of LNO with Mn, Cu, and Al leads to an increase in
the energy barrier for surface oxygen vacancy formation through the diffusion of a surface
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lattice oxygen into an interstitial site (Table B1). Conversely, doping it with Fe and Co
facilitates this process, with Co-doped LNO exhibiting the lowest barrier of ~1.14 eV. We
note that the oxygen diffusion in the bulk of the R-P oxides has been widely studied.165, 171173

For instance, the reported diffusion barriers on La2NiO4 and La2CoO4 are 0.51 and 0.31

eV171, 173, respectively, which are much lower than those for the elementary steps associated
with surface oxygen exchange (Table B1). This implies that the oxygen diffusion in the
bulk-like region is fast and has minimal effect on the surface oxygen exchange rates. Thus,
it is neglected for simplicity of our DFT model. The next step involves O 2 dissociation on
a surface oxygen vacancy with one O atom filling the vacancy and the other one binding to
an adjacent transition metal atom (Figure 5.1b). In the case of the oxides with a mixed Bsite, the O atom binds to the transition metal with the highest oxygen affinity, such as Mn,
Fe, Co, and Al. Table B2 clearly shows that the B-site composition significantly affects the
O2 binding strength, which becomes weaker as the B-site metal varies from Al to Mn, Fe,
Co, Ni, and Cu. For O2 dissociation, a linear correlation between the energy of the transition
state (barrier) with respect to gas-phase O2 and the O2 binding energy on a surface oxygen
vacancy is found (Figure 5.1c), where the weaker O2 binding gives rise to a higher O2
dissociation barrier and vice versa. Thus, the kinetics of O2 dissociation can be inhibited by
doping the B-site with Cu, but can be significantly improved by doping it with more
oxophilic metals, such as Al, Mn, Fe, and Co. We note that the negative transition state
energies reported for Al-, Mn-, and Fe-doped oxides stem from the energy of the located
transition state being lower than the reference state (O 2 in gas phase and surface with a
surface O vacancy), suggesting that O2 dissociation on these oxides is barrier less via a socalled precursor-mediated mechanism.174
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The third step in the catalytic cycle involves oxygen evolution. The energetics of
this step can be predicted using the formation energy of a surface oxygen vacancy ( VO•• )
generated from the desorption of a surface lattice O as 1/2 O 2 in the gas phase, as detailed
previously.157 We find that this surface VO•• formation energy is also linearly correlated to
the binding energy of O2 on a surface oxygen vacancy (Figure 5.1c), and becomes lower as
O2 binding becoming weaker. An intersection in the opposite linear trends for the energy
of the transition state for O2 dissociation and surface VO•• formation energy (O2 evolution)
versus O2 binding energy is found (Figure 5.1c). The oxides (i.e., Co doped LNO) near this
intersection provide the best compromise between the energetics associated with these two
steps (the most critical for surface oxygen exchange), and thus are predicted to result in the
highest activity for surface oxygen exchange. The last step involves healing of a surface
vacancy via oxygen diffusion from an interstitial site, which is generally favorable both
kinetically and thermodynamically on these oxides (Table B1).
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Figure 5.1. DFT models and results. a) Crystal structure of first-series R-P oxides. b)
Structures of B-site terminated (001) surface and the O2 binding at a surface oxygen
vacancy. c) Energies of transition state for O 2 dissociation and surface oxygen vacancy
formation as a function of O2 binding energy on a surface oxygen vacancy. d) “Volcano”
plot between the calculated rates for surface oxygen exchange and binding energy of O 2 on
a surface oxygen vacancy at 500 ℃ and O2 pressure of 0.21 atm. The cyan, green, purple,
and red spheres represent La, B-site transition metal, O in O2, and O atoms, respectively.
A microkinetic model is used to determine the qualitative activity trend for this
process (see Appendix B for details). A “volcano”-type relationship between the calculated
rates and the binding energies of O2 on a surface O vacancy (Figure 5.1d) is found,
suggesting that the O2 binding energy is a good descriptor for predicting the surface oxygen
exchange activity of these oxides. This structure-activity relation predicts that oxides near
the top of the “volcano” (i.e., Co-doped LNO) provide the optimal oxygen binding strength
and should exhibit the highest activity for oxygen reduction and evolution.

86

Figure 5.2.Nanostructures of Co-doped LNO. (a) SEM image of the nanorod structures.
(b) Bright-field STEM image of a typical nanorod. (c) HAADF-STEM image of nanorod
surface from the area outlined by the red square in (b)showing continuous lattice fringes.
(d) Corresponding Fast Fourier Transform pattern showing that Co-LNO nanorods with the
(001) surfaces perpendicular to the projected zone axis, [110].
5.3.2

Characterization of Nanostructured R-P oxides

A series of nanostructured, first-series R-P oxides, such as La2NiO4+δ (LNO),
La2Ni0.88 Fe0.12O4+δ (Fe-LNO), La2Ni0.88Co0.12O4+δ (Co-LNO), and La2Ni0.88Cu0.12O4+δ (CuLNO) are synthesized using a facile reverse microemulsion method.52-53 Powder XRD
spectra (Figure B3) show that these oxides follow the same crystallographic facets to the
standard bulk LNO holding a K2NiF4 crystal structure within the I4/mmm space group.152
Predominantly nanorod-shaped morphologies are observed using SEM for all oxides
(Figures 5.2a and B4). We note that a lower B-site doping concentration than that in the
DFT models is used here to consistently compare the activities among all the oxides with
different B-site dopants. The dopant concentration is limited by the fact that stable R-P
structures could only be obtained for low doping of Fe. The DFT model used in our
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calculations contains 50% of each B-site metal to form a homogenous structure, facilitating
the proper modeling of complex mixed R-P oxides using a smaller unit cell, thus,
significantly reducing computational cost. We note that the effect of the doping
concentration will mainly play a role in the number of the active sites, with minimal effect
on the energetics of the reaction steps on the active site. For example, the calculated binding
energy of -2.29 eV on La2Ni0.89Fe0.11O4 is similar (within the current accepted DFT
accuracy of 0.2~0.3 eV) with that of -2.39 eV on La2Ni0.5Fe0.5O4. In the case of the oxides
to the left of LNO in the “volcano” plot (Figure 5.1d, i.e., Cu-LNO), the low doping of Cu
will result in Cu just diluting the Ni sites, since the Ni sites are catalytically more active.
Therefore, low-doped Cu-LNO should behave similar to LNO energetically with less active
sites for oxygen exchange. As the Cu doping is increased to 50% or higher, the Cu-O-Ni
sites become the dominant active sites with similar energetics for surface oxygen exchange
as La2Ni0.5Cu0.5O4.
HAADF-STEM, LEIS, EDS, and AR-XPS are used for detailed characterization of
the surface structure of these oxide nanostructures. Figure 5.2b shows a bright-field TEM
image of a typical Co-LNO nanorod. The red square region is used to obtain the HAADFSTEM image shown in Figure 5.2c, in which continuous lattice fringes are observed. The
measured d spacings and indexing of the planes in the corresponding Fast Fourier
Transform (FFT) pattern (Figure 5.2d) show that Co-LNO nanorods mainly expose the
(001) surfaces perpendicular to the projected zone axis, [110]. Similar results are also
observed for the other nanostructured oxides, consistent with our previous reports on LNO
nanorods.53
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Figure 5.3. Surface characterization of the nanostructured R-P oxides. (a) LEIS spectra of
LNO after 0.5 X, 1.0 X. 2.0 X, and 5.0 X dose of 0.5 keV Ar +, where X represents 1 x 1015
ions/cm2. (b) La/Ni and Ni/La ratios calculated from the area under the respective LEIS
peaks as a function of penetration depth. (c) STEM of the surface of a typical Co-LNO
nanorod showing the 5-nm line used for EDS line scanning. (d) The La, Ni and Co signals
obtained from the line scanning in (c).
LEIS studies are used to determine the elemental compositions of the surface of
these oxides. Uniform films of the nanostructures are used to avoid any surface
topographical artifacts in the measurements. Initially, these studies are performed on LNO
nanorods as a baseline. Two energy peaks at 1250 and 2850 eV associated with Ni and La,
respectively, are observed after exposing the surface to a dose of 0.5 x10 15 ions cm-2 of
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0.5keV Ar+ (Figure 5.3a). A depth profile analysis with an increasing sputtering dose is
performed to detect the variations in the La and Ni signals from the surface to the bulk.
Figure 5.3b shows the ratios of La/Ni and Ni/La calculated from the areas under the
respective LEIS peaks as a function of consecutive Ar+ sputtering. The concentration of Ni
is found to be higher than La in the surface layer and it decreases with depth, suggesting
that Ni is predominant in the surface layer of the LNO nanorods. These findings are
consistent with our previous observations using electron energy loss spectroscopy. 52 In the
case of the B-site doped oxides similar observations are obtained, but combined signals for
Ni and the B-site dopants (i.e., Co and Fe) are observed (Figure B5). This is not surprising
since peaks in a LEIS spectrum are generally distinguished based on the atomic masses of
the elements, making it hard to discriminate between elements with close atomic and
isotopic masses.175
Given the limitations of LEIS, we have used EDS line-scanning in STEM to identify
the presence of the B-site dopants in the surface region of the doped LNO nanorods. As an
example, Co-LNO is systematically studied at different regions (Figures B6 and B7),
providing evidence that Co is present in the surface and bulk of the nanostructures. EDS
line spectra also shows that the ratio of the A site (La) to B site (Co + Ni) elements is ~2,
consistent with the R-P structure. It is important to note that the line scans are chosen from
the outside of the nanorod surface to a few nanometers into the surface. Given the limited
spatial resolution of EDS line scan, atomic layer compositional information cannot be
obtained. Similar results are also observed for Fe- and Cu-LNO (Figures B8 and B9), which
clearly show the presence of Fe and Cu in the structures.
AR-XPS is used to characterize the near surface of Co-LNO at 0° and 80° tilt angles
(with respect to normal surface at 0°) with corresponding detection depths of
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approximately5.0 and 1.3 nm176, respectively (Figure B10). The fitted XPS spectra indicate
the presence of La3+, Ni2+, and Co2+ at both depths. These oxidation states are determined
based on the binding energy data reported for La2O3, NiO, and CoO177-182 and
La1.67Sr0.33NiO487, which are in agreement with the expected oxidation states in the R-P
structure. In order to clearly show the deconvoluted Co 2p XPS peaks, the intensity axes of
the XPS spectra are not isometrically plotted among elements due to the low concentration
of Co in the Co-LNO. The spectra of La3+ and Ni2+ in Co-LNO are consistent with those in
the undoped LNO oxide (Figure B11). These results reinforce the fact that the B-site
dopants are present in the structure, and the oxides exhibit a uniform R-P structure without
any indication of near surface reconstruction or segregations of the metals, in line with that
observed from STEM (Figure 5.3c).
5.3.3
18

Kinetics of Thermochemical Surface Oxygen Exchange
O2 labeled SSITKA experiments at a partial pressure of 0.02 atm are used to study

the kinetics of thermochemical surface oxygen exchange on the R-P oxide nanostructures.
The transient curves for the partial pressure changes of 16O2, 16O18O, and 18O2 (normalized
per total pressure of oxygen species) as a function of time are shown in Figures 5.4 and
B12-14 at different temperatures. The behavior of these curves for all oxides is consistent
with previous reports on perovskites.63, 183 A gradual increase in the initial 18O2 dissociation
and the maximum concentration of 16O18O is found with an increase in temperature, which
is consistent with an increase in exchange rates as a function of temperature. To understand
the activity trend of these oxides toward surface oxygen exchange, the transient curves are
numerically fitted using an isotopic oxygen exchange model to extract the kinetics for the
elementary steps for this process.
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In the isotopic exchange model, the heteroexchange process63, 183 for surface oxygen
exchange between isotopic labeled

18

O2 and the oxygen in R-P oxides is described using

reactions 1-4.
18

O2 +16 Oi

16

O18O +18 Oi

rxn 1

16

O2 +18 Oi

16

O18O +16 Oi

rxn 2

16

O18O +16 OOX

16

O2 +18 OOX

rxn 3

16

O18O +18 OOX

18

O2 +16 OOX

rxn 4

The corresponding elementary steps involved in these reactions are described using steps
7-12:
OOX + Vi

16

OOX + Vi

18

k1
k−1

k1
k−1

O2 + VO•• + *

18

O2 + VO•• + *

16

O 18O + VO•• + *

16

O 18O + VO•• + *

16

VO•• + 16Oi

step 7

VO•• + 18Oi

step 8

k2

O * + 18OOX

step 9

O * + 16OOX

step 10

18

k−2

k2

16

k−2

k2
k−2

k2
k−2

O * + 18OOX

step 11

O * + 16OOX

step 12

16

18

The rate constants for elementary steps 7-8 and 9-12 are considered to be similar due to the
negligible kinetic isotopic effect between

16

O2 and

18

O2.63 The coverages of the oxygen

species, the surface oxygen vacant site, and the interstitial vacant site are obtained by
assuming equilibrium between the surface and bulk oxygen (steps 7-8), and steady state
approximation for all the other elementary steps (9-12) (see Appendix B for details). At a
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given temperature, the rates of formation of 16O2, 16O18O, and

18

O2 are determined using

equations 5.1-5.3:

r16 O = k−2 16 O* 16 O X − k2C16 O *V ••

(5.1)

r18 O = k−2 18 O* 18 O X − k2C18 O *V ••

(5.2)

2

O

2

2

O

O

2

O

r16 O18O = k−2 16 O*18 O X + k−218 O*16 O X − 2k2C16 O18O*V ••
O

where C16 O , C
2

16

O18O

O

(5.3)

O

, and C18 O are the concentrations of 16O2, 16O18O, and 18O2, respectively.
2

To model the transient curves for

16

O2,

16

O18O, and

18

O2 generated from oxygen

exchange in a plug flow reactor, the following governing equation is used:
Ci
C 
= −u i + B ri
t
z


(5.4)

where Ci is the concentration of species i (i =

16

O2, 18O2 and 16O18O) in mol m-3 ; t is the

time of the reaction (s); u is the superficial gas velocity defined as the ratio of the volumetric
flowrate per cross-sectional area (m3 m-2 s-1); z is the axial reaction coordinate along the
catalytic bed (m); ρB and ϵ are the bulk density (kg m-3) and the porosity of the catalytic
−1
bed respectively; ri is the rate of production of species i (mol kg −1
cat s ), obtained from

equations 5.1-5.3 with the consideration of the number of active sites of each catalyst. The
number of active sites is approximated based on the physical surface area of each catalyst
and the assumption that the surface transition metal sites are part of the active surface sites
for this process. The following boundary conditions are based on the isotopic switch from
16

O2 to 18O2:

I.

z = 0, Ci = Ci0

II.

z = L, [ ∂zi ]

∂C

z=L

=0
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where L is the axial length of the catalyst bed. At t < 0, the entire solid and the gas phase
oxygen is assumed to be saturated with 16O2. At the time of switch, t = 0, the concentration
of

18

O2 is defined by a transient input function of the inert tracer Ar, corrected for the

residence time. Based on these boundary conditions, equation 5.4 is solved numerically to
obtain the concentration (or partial pressure) of the species i at each time on MATLAB®
using Levenberg-Marquardt non-linear least squares regression algorithm (see Appendix
B).
The fitted transient curves along with the experimentally obtained curves are shown
in Figures 5.4 and B12-14 for each oxide at different temperatures. A relatively good fit
between the experimental and fitted curves is observed for all oxides suggesting the
effectiveness of the model to describe the oxygen exchange process on these materials.
Using the extracted activation barriers for each step, the energy profiles for surface oxygen
exchange on these oxides are plotted in Figure 5.4d. The energy profiles confirm the DFT
findings that the rate-limiting step on LNO and Cu-LNO is O2 dissociation, while on CoLNO and Fe-LNO the surface lattice oxygen diffusion into an interstitial site becomes rate
limiting. A reverse “volcano”-type relationship is found for the barriers of the rate-limiting
steps as a function of the binding energy of O2 on a surface oxygen vacancy (DFT-derived
activity descriptor) on these oxides as shown in Figure B15, which suggests an activity
trend for surface oxygen exchange in the order of: Co-NO> Fe-LNO > LNO > Cu-LNO,
consistent with the DFT predictions.
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Figure 5.4. Normalized transient response curves for isotopic oxygen exchange on CoLNO at an oxygen partial pressure of 0.02 atm and a temperature of 450 °C (a), 475 °C (b),
and 500 °C (c). The symbols and solid lines refer to the experimental and model fitted data,
respectively.(d) Experimental energy profiles for surface oxygen exchange on different RP oxides using the kinetic barriers extracted from the isotopic oxygen exchange model.
Post-reaction characterization of these catalysts is carried out using SEM, XRD, and
EDS line-scanning in STEM to assure that these nanostructures did not undergo changes
during these studies. The SEM images (Figure B16) and XRD spectra (Figure B17) show
that these nanostructures have maintained their structural integrity and no changes in their
crystal structures can be detected. Furthermore, EDS studies (Figures B7-B9) show that the
signals of Co, Fe, and Cu dopants and Ni are consistent with those for the as-synthesized
oxides. These results suggest that the nanostructures are stable under reaction conditions,
and the kinetics are measured on the characterized nanostructures.

95

5.3.4

Electrochemical Performance

To electrochemically evaluate the activity trends shown above, impedance studies
(Figures 5.5a and B18a) on symmetric electrochemical solid oxide cells (R-P oxides–YSZ
(yttria stabilized zirconia)|YSZ|YSZ–R-P oxides) at 550 and 600 °C are performed. The
most active nanostructured Co-doped LNO is used as the electrode electrocatalyst and
compared to nanostructured LNO as the base-case. The use of a pre-sintered YSZ scaffold
at the electrode avoids exposing the nanostructures to very high temperature, minimizing
sintering and undesired solid-state reactions between the R-P oxide and YSZ. Area specific
resistances (ASRs) (resistances associated with the symmetric electrodes) are measured as
a function of temperature and the nature of the electrocatalyst. ASR calculations are
detailed in Figure B18. Two main electrode resistances are observed: ASRi associated with
the

resistance

induced

from

the

oxygen

ions

transport

through

the

electrocatalyst/electrolyte interface, and ASRii associated with the resistance from the
charge-transfer/surface O vacancy healing step in the process, as detailed in our previous
work.161 Significantly lower resistances are observed for Co-LNO containing electrodes at
both temperatures as compared to the ones with LNO. For instance, the respective values
of 0.339 and 0.394 Ω cm2 for ASRi and ASRii on Co-LNO containing electrodes at 600
°Care much lower than the corresponding values of 0.628 and 0.601 Ω cm2 on LNO
containing ones. These results clearly demonstrate that doping the Ni-site of LNO with Co
leads to lower overpotential losses for the critical steps in electrochemical oxygen surface
exchange and reduction, consistent with the findings above. Similar studies are also
conducted on the other oxides, Fe-LNO and Cu-LNO. Figure B18b shows a plot of the
ASRs for the different electrocatalysts (Co-LNO, Fe-LNO, LNO and Cu-LNO) measured
at 600°C (under OCV) as a function of the O2 binding energy on a surface oxygen vacancy
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(the DFT-derived activity descriptor). A reversed “volcano”-type relationship is observed.
The lowest ASR value is found for Co-LNO, which suggests the lowest overpotential losses
for ORR, thus highest electrocatalyst activity. The electrochemical activity trend derived
from these studies (Co-LNO > Fe-LNO > LNO > Cu-LNO) are consistent with the one
predicted by DFT and thermochemical surface exchange experiments, ratifying that the
DFT-derived descriptor is effective at predicting oxygen electrocatalysis on these oxides at
intermediate temperatures. Furthermore, these results suggest that increasing the Codoping concentration in Co-doped LNO (most active oxide) should lead to an increase in
the number of active sites, resulting in even higher overall activity per geometric surface
area of the electrode. We note that the Co doping may also affect the ionic and electronic
conductivities. Literature reports have shown that this doping has limited effect on ionic
conductivity, but can lead to a decrease in electronic conductivity. 155, 165, 184 Since the
electrochemical surface oxygen exchange and reduction rates increase with Co doping, this
suggests that the decrease in electronic conductivity of these oxides is not significant
enough to have an effect on the oxygen electrocatalysis at these temperatures.
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Figure 5.5. Electrochemical performance.(a) Impedance spectra for R-P oxides–YSZ |
YSZ | YSZ–R-P oxides symmetric cells operating at pO2 = 1 atm and 550 ℃. (b)
Electrochemical performance of SOFCs containing LNO nanorods, Co-LNO nanorods, and
Ba0.5Sr0.5Co0.8Fe0.2O3 (BSCF) at 550 ℃.
LNO nanorods with higher Co doping (25%, La2Ni0.75Co0.25O4) are synthesized
(Figure S19) and incorporated as cathode electrocatalysts in anode-supported SOFCs (Ni–
YSZ (anode)|YSZ (electrolyte)|YSZ–R-P oxides (cathode)). In these cells, O2 is
electrochemically reduced (1⁄2𝑂2 + 2𝑒 − → 𝑂2− ) by the R-P oxides at the cathode
generating oxygen ions (O2−), which are transported through the YSZ electrolyte to the
anode, where H2 electro-oxidation (𝐻2 + 𝑂2− → 𝐻2 𝑂 + 2𝑒 − ) takes place. Figures 5.5b and
B20 show the current density vs. cell voltage (I−V) and power density (I−P) curves for
SOFCs operating at 550 and 600 °C, respectively. We find that SOFCs containing Co-LNO
exhibit ~ 50% higher current and power densities than those containing LNO. For instance,
the obtained maximum power density for Co-LNO containing SOFC is ~ 0.20 W/cm2 at
550 ℃, as compared to ~ 0.10W/cm2 for LNO containing SOFC. To further assess the
potential of these R-P oxides for intermediate-temperature SOFCs, comparative studies
with high ORR performing perovskites, such as Ba0.5Sr0.5Co0.8Fe0.2O3 (BSCF)103, 185, are
conducted under the same conditions (Figures 5.5b, B20, and B21). We find that the
performance of SOFCs containing Co-LNO nanorods is superior to those containing BSCF
- ~ 0.2 vs. 0.08 W/cm2 and ~ 0.34 vs. 0.17 W/cm2 at 550 and 600 ℃, respectively. The
BSCF performance is similar to the reported ones for YSZ-based anode-supported
SOFCs.185-186 The use of a pre-sintered YSZ scaffold in this case eliminates the problematic
co-firing step between BSCF and YSZ, minimizing the formation of impurity phases (i.e.,
BaZrO3, Co3O4, and Sr2(CoFe)O5). XRD and SEM characterization of the BSCF-YSZ
electrodes (Figure B22) confirms the chemical stability of the system, supporting the fact
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that the measured electrochemical cathode performance is due to BSCF. We also find that
the performance of the intermediate-temperature YSZ-based SOFCs containing Co-doped
lanthanum nickelate oxide nanorods at the cathode is higher than the performance of similar
systems in the literature (Table B3).
The electrochemical stability of Co-LNO nanostructures as cathode electrocatalysts
for SOFCs is tested using constant current studies, where the voltage of the cell is
monitored as a function of time (Figure B23a). The SOFC is operated in galvanostatic mode
(constant current of 720 mA cm-2) for about 140 h at 700 ℃, which is higher than the
studies above to assure stability of these nanostructures at the upper limit of the
intermediate temperature regime (500 - 700 ℃). Figure B23a shows a stable
electrochemical performance during this testing period. Characterization of the cathodes
using SEM and XRD after the stability test shows no significant detectable changes in the
nanostructure and crystal structure of Co-LNO nanorods (Figure B23). These results clearly
demonstrate that Co-LNO nanostructures are promising intermediate-temperature ORR
electrocatalysts exhibiting high activity and long-term stability.
5.4

Conclusion
DFT calculations along with well-controlled synthesis, characterization, and testing

techniques are used to develop and validate design principles for optimizing oxygen
electrocatalysis activity of layered, mixed ionic-electronic conducting R-P oxides. We
report that the optimal R-P oxides should provide the best compromise between the
energetics associated with O2 dissociation and surface oxygen vacancy formation, which
can be predicted by the binding energy of O2 on a surface oxygen vacancy. The design
principles are validated using kinetic isotopic oxygen exchange and electrochemical studies
on a series of R-P oxide nanostructures with well-defined surface structure. Theory-guided
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design principles have successfully led to the identification of Co-doped LNO nanorods as
highly active ORR electrocatalysts. This is demonstrated through the incorporation of Codoped LNO nanostructures as cathode electrocatalysts in SOFCs, which resulted in a
superior electrochemical performance at intermediate temperatures (~550 ℃); even higher
(~ 2 folds) than that of high performing perovskite oxides, such as BSCF, under the same
conditions. These findings demonstrate that the developed design principles are powerful
in providing insights into engineering mixed ionic-electronic conducting oxides for
efficient oxygen electrocatalysis.
ASSOCIATED CONTENT
Additional methods of DFT calculations, isotopic oxygen exchange model and material
synthesis; additional results for characterization, transient curves of oxygen exchange and
DFT energetics associated with the elementary steps can be found in Appendix B.
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CHAPTER 6. ENGINEERING HETEROGENEOUS CATALYSTS FOR HIGH
TEMPERATURE ELECTROCHEMICAL CO-REDUCTION OF CO2 AND H2O
ABSTRACT
High temperature electrochemical reduction of CO2 has emerged as an attractive
alternative to overcome the challenges ascending from the excessive CO2emissions into the
atmosphere due to the extensive use of fossil fuels. One approach to alleviate this issue is
to electrochemically co-reduce CO2and H2O to syngas (mixture of CO and H2) using
SOECs. Syngas is a key precursor for the synthesis of fuels and chemicals using existing
technologies such as Fischer-Tropsch. In this contribution, we experimentally assess the
electrocatalytic activity of different transition metals as cathode electrocatalysts for high
temperature electrochemical CO2 reduction using SOECs. We focus on the electrochemical
reduction of CO2, since it is the rate limiting process during the co-reduction of CO2 and
H2O. We report on activity trend of Fe > Ni > Pd, confirming that metal oxophilicity plays
a role in catalytic activity. Furthermore, we show that, in addition to the higher activity, Fe
also demonstrates better selectivity than Ni toward CO 2 reduction by minimizing the
undesired reverse water gas shift reaction, a challenge in CO 2/H2O co-electrolysis. While
promising, the strong oxophilic nature of Fe presents an issue for long term stability due to
catalytic surface oxidation. Potential approaches to alleviate this issue such as alloying or
incorporation of fast oxygen-ion conducting oxides are proposed.
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6.1 Introduction
Rising atmospheric CO2 levels have become a contemporary challenge. This
problem emerges from the current energy consumption set-up, which relies majority on
fossil fuels4.To address this issue, energy generation from renewable sources, along with
the development of energy efficient conversion and storage systems are a necessity. One
way to deal with the excess CO2 generated is to convert it into high-energy molecules, such
as CO. This can be efficiently achieved through the use of SOEC – a solid state
electrochemical device that facilitates the electrochemical reduction of CO2 to CO using
energy from renewable sources. In addition to CO2 reduction, co-electrolysis with H2O in
SOECs has shown promise for generation of synthesis gas (CO + H2), a valuable precursor
for the synthesis of synthetic fuels using well-established technologies, such as FisherTropsch5-8. In SOECs, CO2 and H2O are reduced at the cathode in the presence of electrons,
forming a mixture of O2-, CO and H2. The O2- ions are driven by the difference of potential
from the cathode to the anode, where they are oxidized and evolved as O2 in the gas-phase.
The state of the art electrocatalysts used in a SOEC are LSM at the anode, and nickel
(Ni) at the cathode. These electrodes are usually supported on an oxygen conducting oxide,
such as YSZ, to achieve compatibility with the YSZ electrolyte, while facilitating ion
conduction. Even though SOECs are promising, there are challenges that need to be
addressed in order to turn these systems into a viable technology. For instance, the
theoretical/thermodynamic potential required to split CO2 and H2O at 800 °C is about 1 V.
Any additional potential applied to the cell represents a loss in energy. Ni-based SOECs
have shown to exhibit high overpotential losses in order to obtain reasonable rates for the
formation of CO and H2. One of the main reasons for these overpotentials is the activation
overpotential related to the inefficiency of the catalyst (Ni) in catalyzing the electrode
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reactions. It has been shown that during co-reduction of H2O and CO2 on Ni-based SOECs,
CO2 reduction exhibits larger overpotentials than H2O electrolysis.50 This suggests that CO2
electrolysis is the rate-limiting step during this process. As such, identifying ways to lower
the energy barrier for CO2 reduction should contribute to the lowering of the overall
overpotential losses during co-reduction of CO2 and H2O. It is also important to note that
the thermochemical reversible water gas shift reaction (RWGS - H2 + CO2 CO + H2O)
is a competing reaction during co-reduction of CO2 and H2O. Therefore, in addition to
lowering the barrier for CO2 reduction, identification of catalysts that also decrease the
driving force for this reaction is needed.
We have recently reported51 on the utilization of density functional theory (DFT)
calculations to identify the factors governing CO2 electrolysis on the surface of different
transition metals. We suggested that O binding energy was a promising descriptor to predict
the activity of metals toward CO2 reduction. Based on this, we predicted that, among the
non-precious metals, Co and Fe are more active than Ni, due to their optimal binding of
oxygen. On the other hand, metals such as Cu and Pd, were predicted to have poorer activity
performance in comparison to Ni, due to weak O bond properties. In this contribution, we
experimentally assessed the electrocatalytic activity of Fe, Ni and Pd toward the
electrochemical reduction of CO2. An initial electrocatalytic activity trend of Fe > Ni > Pd
was observed for CO2 reduction, confirming that O binding energy was a good activity
descriptor for this reaction. Furthermore, we showed that Fe suppressed the undesired
reverse water gas shift reaction. While promising, the stability of Fe presented an issue.
Surface oxidation was detected on Fe electrocatalysts leading to long-term stability. We
discuss potential approaches to alleviate the issue with the instability of Fe in order to
identify active, selective and stable electrocatalyst for CO2 reduction. The reported studies
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serve as a guide in establishing the necessary knowledge base to design optimum
electrocatalysts for co-reduction of CO2 and H2O with high activity and selectivity.
6.2

Experimental Section
6.2.1

Synthesis Metal Nanoparticles

Synthesis of nickel nanoparticles is achieved using an air-free Schlenk technique.
In a glovebox, a reaction mixture containing 104 mg of nickel acetylacetonate, 9 mL of
oleylamine and 1 mL of trioctylphosphine was prepared. Afterwards, the reaction mixture
was transferred to a Schlenk line. Under an argon flow the reaction was heated to 250 °C
for 1 h. The reaction was, then, allowed to cool down to room temperature. The particles
were washed using ethanol and separated by centrifugation (5000 rpm, 10 min) 3 time.
Finally, particles were dissolved in chlorophorm.
6.2.2

Synthesis of Electrochemical Cells

For the electrolyte membrane, 8% YSZ (TZ-8Y, Tosoh) was dry pressed and
sintered at 1500 °C, leading to sintered electrolyte layer with a thickness of ~ 360 µm and
a diameter of 13 mm. Both surfaces of the pellet were mechanically polished and cleaned
via sonication in ethanol followed by sonication in deionized water. For the cathode
electrode, a porous YSZ scaffold was coated onto one side of the electrolyte by spraying a
slurry containing a milled mixture of YSZ and graphite at a weight ratio of 70: 30 in ethanol
with appropriate amount of binders and plastizers. The anode electrode was also coated via
the spray technique, where a milled mixture of LaSrMnO3 (LSM, Sigma) and YSZ at a
weight ratio of 50:50 in ethanol with the appropriate amount of binders and plastizers was
sprayed over the opposite side of the electrolyte. The cell was then sintered at 1250 °C for
4 hours. Three methods were used for the nickel impregnation on the porous scaffold on
the cathode side: impregnation (infiltration) of Ni(NO3)2 and direct impregnation of NiO
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or Ni NPs. For the incipient wetness, the scaffold was saturated with the salt precursor
solution. The scaffold was dried at 100 °C for solvent removal and the scaffold was
subsequently heated to 600 °C, for 2 hours, in order to calcine the Ni(NiO3)2 to Ni oxide.
The final nickel nominal loading obtained using this method was about 20 wt% with respect
to the scaffold weight. For the direct impregnation of NiO or Ni NPs, the target material
was dispersed in ethanol. Appropriate amount of the either NiO or Ni NPs was drop-coated
into the scaffold via, targeting a final Ni nominal load of 100% with respect to the scaffold
weight.
6.2.3

Electrochemical Characterization

CO2 reductions experiments were conducted at 800 °C and 900 °C. For testing, Au
mesh (Precision Eforming, NY) was used as current collector and Au wires (Alfa Aesar)
were used as electrical connections for both electrodes. Conductive Au paste (TED Pella)
was applied to affix the cell connections. The cell was heated to 800 °C under an H2
atmosphere (50 sccm), in order to reduce NiO or to maintain the reduced state of the metals
NPs. The anode side was exposed to air atmosphere (50 sccm). The electrochemical
performance of the cathode electrocatalysts was accessed in a CO2:CO (50:50) or
CO2:CO:N2 (45:45:10) atmospheres. To evaluate the RWGS effect, CO was replaced by
H2 as reducing agent in the cathode gas feed. The current densities versus voltage (I-V
curves) were obtained at different applied voltages (from OCV to 1.6 V) with a ramp rate
of 30 mV/s.
6.2.4

Electrode Characterization

The morphology and elemental composition of the cathode and metal
electrocatalysts were determined using a field-emission scanning electron microscope (FESEM, JSM 7600, JEOL Inc., Japan) equipped with an energy dispersive x-ray spectrometer
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(EDS). SEM and EDS images were obtaining using an accelerating voltage of 15 kV and
working distance of ~8 mm. Cross-sectional image of the electrode were obtained by
blading the pellet in half through the center region of the electrode.
6.3

Results& Discussion
6.3.1

Strategies for Electrocatalyst-Flexible Cathode

When using metal electrocatalysts in the SOEC cathodes (the electrode where
CO2/H2O reduction occurs) incorporation of oxygen ion conducting oxides is necessary to
facilitate oxygen ion transport to the electrolyte. As such, the 3PB, defined as the interface
between the metal (e- conducting), support (O2- conducting oxide) and gas-phase is an
important parameter for achieving high activity toward CO2/H2O electrolysis in SOEC
cathodes. If the ion-conducting oxide used exhibits limited electronic conductivity (as in
the case of YSZ), a well-connected metal particle network is necessary to ensure electron
connectivity throughout the electrode. The use of YSZ as a cathode ion-conducting medium
presents benefits due to its thermal expansion properties similar to the electrolyte, thus
assuring structural stability of the electrode. Furthermore, its limited activity toward
CO2/H2O activation allows for isolating the surface reaction chemistry to mainly occur on
metal electrocatalysts, providing specific insights on the activity of the metal toward
CO2/H2O reduction, which is the main objective for this work.
With these parameters in mind, we discuss an approach for incorporating different
metals or metal precursors in a YSZ-based SOEC cathode, while preserving the integrity
of their chemical nature. Current state-of-the-art fabrication methods for SOEC cathodes
involve co-sintering of the NiO with the oxide support at high temperatures (above 1200
ºC). Although suitable when Ni is the active electrocatalyst, this method becomes
unfeasible when other metals are considered, leading to chemical decomposition of the
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metals/metal precursors at the required high sintering temperatures. 187-190 One way to
circumvent this challenge is to synthesize an electrode composed of a porous scaffold
comprised of a pre-sintered, ion-conducting oxide. This approach has been successfully
implemented for solid oxide cells electrodes, providing high flexibility in incorporating
different electrocatalysts on the electrode189-196.
Here, we employed a conventional two-electrode, planar, YSZ electrolyte
supported SOEC assembly. This cell design was characterized by a thick electrolyte, which
supported the electrode layers of the SOEC. Both electrodes were composed of YSZ
scaffolds (Figure 6.1b). The YSZ scaffold at the anode electrode was impregnated with
LSM, traditional electrocatalyst for oxygen evolution. Whereas, for optimization proposes,
three strategies were employed to incorporate the metals/metal precursors onto the cathode
YSZ scaffold: (i) infiltration of Ni(NO3)2 (cathode type 1), (ii) impregnation of ex-situ
synthesized Ni NPs (cathode type 2), and (iii) impregnation of NiO particles (cathode type
3).
Infiltration (cathode type 1) has been effectively utilized on solid oxide
electrochemical cell electrodes using metal oxide support with MIEC properties197-200. In
our studies, we found that the limited loading of Ni on the YSZ scaffold led to poor
connectivity between Ni particles which effected the electronic conductivity. 192 An
increase in this loading led to blocking of the porous structure. This consequently resulted
in low electrochemical activity toward CO2 reduction as illustrated by the higher amount
of current drawn to be the lowest among all the cathode types (Figure 6.1 a). Among the
other two cathode types (impregnation with Ni NPs (type 2) or NiO (type 3)), cathode type
3 resulted in slightly higher activity than type 2. In order to obtain insight into the
microstructural arrangement of these cathodes, we obtained SEM images of the post-
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reacted cathode 2 (Figure 6.1c) and cathode 3 (Figure 6.1d). As it can be noticed from the
images, independent of the its initial state (if NPs or NiO particles), large Ni agglomerates
were observed at the SOEC cathode after operation at temperature of 800 °C. Given the
similarity of the final arrangement of the Ni particles, one possible explanation for the
higher activity of cathode type 3 is the presence of artifacts from the surface stabilizing
ligands of the Ni NPs in cathode type 2, possibly poisoning the surface active sites.
Therefore, in the studies reported below, we adopted a strategy similar to the type 3 cathode
to incorporate different metal electrocatalysts onto the YSZ scaffolds.
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Figure 6.1. (a) Current densities obtained at 1.5 V for CO2 reduction on cathodes prepared
using different impregnation methods. Reaction conditions: T= 800 °C, Cathode gas feed=
45% CO2:45% CO:10%N2 (100 sccm), anode gas feed = air (50 sscm). (b)SEM image of
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YSZ scaffold. (c) SEM image of post-reacted cathode type 2. (d) SEM image of postreacted cathode type 3.
6.3.2

Electrocatalytic Performance

CO2 reduction activity: Obtaining insights of the chemical/electrochemical steps
governing CO2 electrolysis at high temperature is imperative to identify the optimum SOEC
cathode electrocatalyst. Previously, we suggested through theoretical calculations that the
binding energy of atomic O might be a good activity descriptor for CO2 reduction on
transition metals.51Our calculations suggested that the use of metals like Fe and Co should
result in higher activity toward CO2 reduction than Ni, mainly due to their more optimal
binding of O. On the other hand, metals like Pd bind oxygen too weakly leading to low
activity. Here, we experimentally evaluate the electrocatalytic activity of transition metals
(i.e., Fe and Pd) with different predicted performance toward the electrochemical reduction
of CO2in comparison to Ni. Linear sweep voltammetry curves (I-V) were obtained from
SOECs containing LSM/YSZ composite as anode and the YSZ/transition metal of interest
as the cathode. The cells were tested under an atmosphere of 50%CO:50%CO 2, at 900 °C.
The obtained current-voltage curves (Figure 6.2) showed that the overpotential losses were
significantly impacted by the nature of the electrocatalyst. Furthermore, these results agreed
with the theoretical trend previously predicted, where the rates on Pd surface were lower
than on Ni, whereas the rates on Fe were the highest.
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900 °C

Figure 6.2. Experimental CO2 reduction on Ni, Fe and Pd electrocatalysts. Reaction
conditions: T= 900 °C, Cathode gas feed= 50% CO2/50% CO, cathode gas feed = air.

a

b

Figure 6.3. Effect of (a) Nickel and (b) Iron on the reverse water gas shift reaction.
Effect of the catalyst on the RWGS: RWGS involves the reaction of the H2, generated
from thermochemical water slitting, with CO2 (H2 + CO2  CO + H2O) preventing direct
electrochemical reduction of CO2. This process is thermodynamically favorable at these
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temperatures and also benefits from the fact that H2O electrolysis on Ni occurs with a lower
barrier than CO2. We have evaluated the effect of Fe on RWGS as compared to Ni in
SOECs via the introduction of H2 to the gas feed mixture containing CO2. These studies
were compared to the benchmark case when we fed CO2:CO mixtures – at applied
potentials suitable for CO2 reduction. As expected, in a Ni-based SOEC cathode (Figure
6.3a), the rates were higher in the presence of H2 than in the presence of CO2. This was a
consequence of RWGS taking place leading to H2O formation, which occurs with lower
barriers than CO2, thus higher rates. On the other hand, in the case of Fe containing cathodes
(Figure 6.3b), the rates followed the same trend independent of the gas selection, indicating
suppression of RWGS. These insights suggest that Fe would exhibit higher selectivity
toward co-reduction of CO2 and H2O than Ni due to suppression of RWGS.
Electrocatalyst Stability: While the high binding energy between Fe and atomic O
is suggested to be the major factor contributing for the high activity of this transition metal
toward CO2 electrolysis51, this oxophilicity may also induce challenges with the long-term
stability of Fe as an electrocatalyst for CO2/H2O reduction. Figure 6.4b depicts the voltage
as a function of time for a SOEC containing Fe as cathode electrocatalyst. A constant drop
in the cell voltage was observed under a short period of operating time, confirming that Fe
rapidly oxidizes under the electrochemical test conditions (50%CO:50%CO2, at 900 °C).
This oxidation process was evidenced by visual analysis of the post-reacted Fe cathode
(Figure 6.4b - inset), and further confirmation using electron microscopy (Figure 6.4a, c
and d). SEM image in Figure 6.4a shows the surface of Fe before reaction (after reduction),
whereas Figure 6.4c shows the changes after operation leading to the formation of
nanofibers on the surface of Fe. EDS analysis (Figure 6.4d and inset) suggested that these
fibers were composed of mainly Fe and oxygen. We would like to note here that the Au
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peak is related to the Au coating used for SEM imaging. This is consistent with the
commonly reported formation of Fe2O3 in form of nanofibers201-204.
To address the challenge with the instability of Fe due to oxidation different
approaches could be implemented. One approach would be to use ion-conduction oxides
(e.g., ceria-based oxides) as the scaffold with stronger oxygen binding ability than YSZ,
providing a higher driving force for the oxygen atoms to be removed from the Fe surface.
Another approach would involve alloying Fe with another less oxophilic metal that would
facilitate tuning of the O binding strength of Fe.
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Figure 6.4. (a) SEM image of Fe surface in a reduced cathode pre-reaction. (b)
Electrochemical stability of Fe electrocatalyst. (b) SEM image of nanofibers formation on
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Fe surface of post-reacted Fe containing cathode. (c) High magnification SEM image of
nanofiber and EDS analysis (inset) of nanofibers.
6.4

Conclusions
We experimentally assessed the electrochemical activity of Fe, Ni and Pd as metal

electrocatalyst for electrochemical reduction of CO2, and co-reduction of CO2/H2O in
SOECs. We found the following activity trend: Fe > Ni > Pd, confirming that oxygen
adsorption energy plays a role in the activity of these metals toward this chemistry. We also
showed that Fe suppressed the undesired RWGS reaction as compared to Ni, leading better
selectivity toward CO2 and H2O co-reduction than Ni. While promising, Fe suffered from
long term stability due to oxidation. Approaches to alleviate this problem could involve the
incorporation of a stronger oxygen ion conducting scaffold (i.e. ceria) or the use of alloying.
The work presented in this contribution provides significant insights toward designing
optimum electrocatalysts for electrochemical reduction of CO2 and H2O using SOECs.
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CHAPTER 7. GENERAL CONCLUSIONS AND FUTURE WORK
7.1

Summary
In this dissertation we have provided fundamental understanding of the steps

governing electrode reactions in high temperature SOCs. The combination of wellcontrolled synthesis, surface characterization and state-of-the-art electro/chemical studies
were key to develop and validate theory-guided structural/compositional-performance
relationships that can foster significant advancement in the design of new electrode
electrocatalysts for highly efficient intermediate-temperature SOCs. In this chapter the
main conclusions of this dissertation are outlined, and future directions based on the natural
extensions of the findings reported herein are devised.
7.2

General Conclusions
This dissertation provides relevant knowledge, at the molecular level, indispensable

toward guiding the engineering of new electrocatalysts that enhance reaction kinetics for
oxygen exchange and CO2 reduction processes in SOEC’s electrodes. The impact of a
combinatorial approach (i.e., theoretical calculations, well-controlled synthesis, bulk and
surface characterization and effective testing) was illustrated using the example of the
elevated temperature oxygen electrocatalysis, relevant to a number of energy conversion
and storage technologies – such as CO2 electrolysis, fuel cells and metal air batteries.
Furthermore, based on recent report51 from our group on the utilization of DFT calculations
to identify the factors governing CO2 electrolysis, the electrocatalytic activity of different
transition metals as cathode electrocatalysts for electrochemical CO 2 reduction on SOECs
was experimentally assessed. These studies provided significant insights toward the design
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of optimum electrocatalysts for electrochemical reduction of CO2 in SOECs. Overall, the
main conclusions derived from each component of this dissertation are:
1. Combining theoretical and controlled experimental studies is an effective
approach in engineering complex layered mixed metal oxides for oxygen
electrocatalysis. The use of reverse microemulsion as well-controlled
synthesis method, electron microscopy and spectroscopy to achieve detailed
surface characterization, and effective thermochemical and electrochemical
testing systems were instrumental to bridge the gap between oxide
formulation and the energetics associated with catalytic processes on the
oxide surface. This strategy is key for advancement of catalysis by nonstoichiometric mixed metal oxides, since it strongly relies on the ability to
achieve control over the oxide surface area, composition and function.
2. Electrochemical oxygen exchange is surface structure sensitive on R-P
oxides, with the B-site terminated surfaces being the most active for oxygen
electrocatalysis. Electrochemical oxygen exchange kinetic studies using
impedance spectroscopy on symmetric cells containing nanostructured
LNO, confirmed that surface reactions (related to the electron
transfer/oxygen vacancy healing)and interfacial processes (associated with
the oxygen ion transfer through the electrocatalyst/electrolyte interface)
were facilitated with lower kinetic barriers on [001] B-site surface
terminated LNO structures as compared to traditional spherical LNO
particles.
3. It was determined using a combination of thermochemical kinetic and
electrochemical kinetic and activity studies that oxygen binding on a surface
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oxygen vacancy of mixed metal is a good activity descriptor for oxygen
electrocatalysis. This knowledge led to the identification of nanostructured
Co-doped lanthanum nickelate oxides as highly active electrocatalysts for
oxygen exchange. This was illustrated by the incorporation of Co-LNO as
cathode electrocatalyst in SOFC, leading to significantly enhancement of
the ORR performance at intermediate temperatures (∼550 °C), while
maintaining long-term stability.
4. Oxygen binding energy is a good activity descriptor for the electrochemical
CO2 reduction on SOECs. An initial electrocatalytic activity trend of Fe >
Ni > Pd was determined, confirming that oxygen adsorption energy plays an
important role in the activity of these metals toward the CO2 reduction
chemistry. In addition to the superior activity, Fe was also shown to be more
selectivity, suppressing the undesired reverse water gas shift reaction – a
potential undesired side reaction during the CO2/H2O co-electrolysis.
However, along with the promising activity and selectivity promoted by the
strong oxophilic nature of Fe, long term stability issues arise from the
catalytic surface oxidation process occurring on Fe surface during CO2
reduction.
7.3

Future Research Directions
The work in this dissertation mainly focused on the individual improvement of

electrode kinetics on the relevant electrode reactions for electrochemicalCO2 reduction in
SOECs. A natural extension of this work would involve the operation of a SOECs which
combines both optimized electrodes (i.e., Fe as cathode electrocatalyst for CO2 reduction
and

nanostructured Co-LNO as anode electrocatalyst

for oxygen evolution)
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simultaneously. Furthermore, the work presented herein provides a guide to the design
principles for proper engineering of electrode electrocatalysts for SOCs, and as such, the
use of the toolbox offered in this dissertation could be easily extrapolated to new directions.
For instance, the work reported in chapters 3, 4 and 5, regarding the rational design of
oxygen exchange electrocatalysts, could be expanded to the evaluation of mixed metal
oxides with different composition, dopant content, as well as crystal structure. This would
represent a promising progression in the identification of optimum electrocatalysts that can
foster the efforts on lowering the operation temperature of SOCs.
The challenge reported in chapter 6, related to the long-term stability of Fe due to
surface oxidation during CO2 reduction, could be addressed with more scientific efforts
focusing in approaches involving alloying Fe with other less oxophilic metal that would
facilitate tuning of the O binding strength of Fe. Alternatively, the replacement of YSZ
scaffold with a higher ion-conducting oxide (e.g., (La,Sr)(Ga,Mg)O3 oxides)200 would
provide a higher driving force for the oxygen atoms to be removed from the Fe surface,
thus improving its long term stability during electrochemical reduction of CO 2/H2O.
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APPENDIX A. SUPPORTING INFORMATION FORENGINEERING COMPLEX,
LAYERED METAL OXIDES: HIGH PERFORMANCE NICKELATE OXIDE
NANOSTRUCTURES FOR OXYGEN EXCHANGE AND REDUCTION
Density Functional Theory Calculations
The binding energies of oxygen on surface and interstitial site were calculated as:
1
BEO = EO / sur − Esur − ( EO2 + hO02 )
2

where

EO / sur , Esur , EO

2

(A1)

is the total energy of O adsorption system, clean surface, and O2

in gas phase, respectively. ∆ℎ𝑂∘ 2 (0.48 eV) is the correction factor accounting for the
overbinding of O2 by DFT-GGA.98 The calculated binding energies of near-surface
interstitial O at the tetrahedron composing of four La atoms in La 2O2 layers (Figure3.1a)
on(001)-Ni oxide terminated, (001)-La oxide terminated, (110), and (111) are -0.53, -2.59,
-1.73, and -0.11 eV, respectively. The most stable geometries of adsorbed O on those four
surfaces are shown in Figure A2, and the corresponding binding energies are -0.32, -2.45,
-2.26, and 0.39 eV, respectively. The O adsorption energy (-2.45 eV) on (001)-La oxide
terminated surface agrees very well with previous calculations. 160
The proposed surface oxygen exchange mechanism was depicted in Figure 3.1b,
which is composed of two reversible steps. Step I is the formation of surface oxygen
vacancy and near-surface interstitial oxygen via surface lattice O diffusion to the interstitial
site based on the Frenkel defect mechanism. Step II is O2 dissociation on a surface O
vacancy that heals the vacancy and forms an O adatom on the adjacent metal site. These
steps can be expressed using Kröger-Vink notation as:
StepI：

(A2)
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(A3)

Step II:
where

OOX

atom,

VO•• is an oxygen vacancy site on the surface layer. The Gibbs free energy for step

is surface lattice O, Vi , s is a vacant interstitial site,

Oi , s is an interstitial oxygen

I and II were calculated as:

GI = EV •• + EOi ,s − 2* Esur

(A4)

GII = EO* − EV •• − EO2 − T S

(A5)

O

O

where EV •• ,
O

EOi ,s , Esur , EO* , and EO2 is the total energy of surface with one surface O

vacancy, the surface with one interstitial O, the clean surface, the surface with one O
adatom, and O2 in gas phase, respectively. −T S is the entropy contribution to the free
energy of the reaction due to the loss of translational modes of O2 molecules, which is 1.48
eV at an operating temperature of 773 K and O2 partial pressure of 0.21 atm. The barrier of
O2 dissociation at an oxygen vacancy site was calculated by the climbing-image nudged
elastic band (CI-NEB) method.99-100 The entropy contribution of all adsorbed species is
small and so neglected in rate calculations.
The microkinetic modeling analysis was performed to calculate the rate of the
surface oxygen exchange in experimental operating conditions. In this model, the steadystate approximation was used to treat steps I and II:

k1O X Vi ,s = k−1Oi ,s V ••
O

(A6)

O

k2*V •• PO2 = k−2O*O X
O

O

(A7)

119

O X + V •• = 1

(A8)

 O* + * = 1

(A9)

Vi ,s + Oi ,s = 1

(A10)

O

O

We also assumed that the difference in oxygen excess and oxygen deficiency equals the
overall oxygen excess in the lattice δ (δ = 0.125 here).

Oi ,s − V •• = 0.125
O

(A11)

The rate constants for all catalytic reactions were expressed as a function of reaction free
energy barrier and temperature:

k = A exp(−G  / kT )
where

G 

(A12)

is the reaction free energy barrier. The thermodynamic barrier was used for

oxygen migration steps. T is temperature, k is Boltzmann constant, ℎ is Planck constant and
A is pre-exponential factor, approximated by kT / h . Based on equations (A6-A12), the rate
of each step can be calculated numerically, and the minimum rate of the two reversible
steps was taken as the surface oxygen exchange rate.
Catalyst Synthesis
All chemicals were used as commercially received without further purification. In
a typical synthesis of LNO nanorods, two separate reverse-microemulsions were first
prepared, with each containing a quaternary reverse-microemulsion system composed of
CTAB/water/hexane/n-Butanol. In each microemulsion, the amounts of CTAB, hexane,
and n-butanol were fixed at 11.25 g, 56.0 mL, and 11.3 ml, respectively. One
microemulsion was prepared by adding the aqueous solution of 1.734 g of La(NO3)3·6H2O
(99.999%, Sigma Aldrich) and 0.594 g of Ni(NO3)2·H2O (98%, Alpha Aesar) dissolved in
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7.0 g of deionized water, and the other one had 0.825 g NaOH (ACS grade, Fisher) in 7.0
g of deionized water. After the solutions were well mixed, the microemulsion system
containing the base was added to the one containing the metal salts under stirring (1200
rpm). The solution was maintained under the same conditions for 4 hours to form the gel
suspension containing the precipitated metal hydroxide. The solid gel was collected by
centrifugation at 6000 rpm for 3 min. This was followed by thoroughly washing with
ethanol and deionized water. The solid gel was then dried under air at 353 K for 12 hours.
The obtained solid was transferred to a quartz tube and calcined at 1098 K (2 K/min ramp
rate from room temperature) for 2 hours under flowing argon (350 SCCM). A similar
procedure was used for the synthesis of LNO spheres, except that the amount of water in
the metal cation reverse microemulsion solution was fixed at 0.8 g.
Characterization
X-ray diffractometer (XRD, Smartlab, Rigaku Inc., Japan) was employed to
determine the crystal structure of the samples using a Cu Kα radiation (λ = 0.15418 nm).
XRD patterns of the LNO samples were recorded at 2θ values of 20º to 80º at a rate of
4º/min. The XRD patterns of LNO nanorods and spheres are shown in Figure A4. The data
collection for the SOFC cathodes containing LNO catalysts was scanned over 2θ values of
20º to 80º ata rate of 2 º/min. The morphology of each sample was characterized using a
field-emission scanning electron microscope (FE-SEM, JSM 7600, JEOL Inc., Japan)
equipped with an energy dispersive x-ray spectrometer (EDAX, USA). All
characterizations were operated at an acceleration voltage of 15 kV.
Oxygen isotopic exchange kinetic studies
All experiments were conducted in a continuous flow system consisting of three gas
lines connected to a reactor and a mass spectrometer (QP 2010 Ultra, Shimadzu). In each
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experiment, an appropriate amount of sample (~ 0.020 g) was loaded into the reactor (quartz
tube, i.d. = 0.4 cm, L =72.0 cm), heated to 923 K (ramp rate of 10 K/min from room
temperature) under flowing Ar (50 SCCM), and maintained at these conditions for 1 hour
to remove the adsorbed molecules from the surface of the sample. This was followed by
changing the temperature to the desired value and switching the gas to the oxygen isotope
16

O2 (2 % mole of

16

O2, 2% mole of Ar, balanced by He, the total flow rate was 28.0

SCCM). When the steady state was achieved under flowing 16O2, the feed gas was switched
quickly to oxygen isotope 18O2 (2 % mole of 18O2, balanced by He) using the same flow
rate and the exchange reaction was allowed to proceed up to 10 min before switching back
to the oxygen isotope 16O2. The transient changes in the isotopic composition (16O2, 18O2,
16

O18O) were continuously monitored by mass spectrometry at the mass to charge (m/z)

ratios of 32, 36, and 34, respectively. The m/z ratio of 20 was also monitored as the inert
Ar indicator. For each sample, the reaction temperature was varied from 723 K to 923 K.
Oxygen exchange rate (rex) in each experiment were expressed as a function of the variation
of

16

O18O concentration per time. This value was determined through polynomial

regression of the plot of

16

O18O concentration (i.e. the intensity of m/z=34) versus time,

and calculation of the first derivative of the regression function at the initial time of oxygen
isotope gas switching.
In the oxygen isotopic exchange kinetic studies, the absence of external mass
transfer resistance was verified by Mears modulus205, defined as Cm =

rex Rb n
where (rex)
kcC Ab

is the reaction rate, R is the catalyst particle radius, ρb is the density of catalyst bed, n is the
reaction order, kc is the mass transfer coefficient, and CAb is the solid catalyst density. For
the reactions over each catalyst, we calculated Mears modulus for the highest reaction rate
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(i.e. the reaction under the highest temperature), which is mostly likely to reflect the
external mass transfer artefacts. The related parameters and calculated results are
summarized in Table A2. The observable modulus (Cm) for the reactions over both catalysts
are smaller than 0.15, suggesting the absence of external mass transfer limitation under
reaction conditions. Barrett-Joyner-Halenda (BJH) analysis of nitrogen physisorption of
both catalysts, combined with the electron microscope observations, suggest that the
catalysts are non-porous materials, and thus, indicate that there would be no internal
diffusion limitations during the reaction. Therefore, all measured reaction rates reflect the
intrinsic kinetics of oxygen exchange over different LNO nanostructured catalysts.
Fabrication of Solid Oxide Fuel Cells
Anode-supported SOFCs were utilized in the electrochemical studies of oxygen
reduction using LNO containing cathodes. In a typical procedure of the cell fabrication, a
NiO-YSZ powder mixture was first prepared with a composition of 50wt% of NiO (99%,
Alpha Aesar) and 50wt% of YSZ (TZ-8YS, Tosoh, Japan). Graphite (99.9995%, 325 mesh,
Alpha Aesar) was added to the mixture as pore former (30wt% of the total NiO-YSZ mass)
and the mixture was ball-milled in ethanol for 48 hours. This procedure was followed by
drying, grinding, sieving, and pressing of the powder at 3000 psi into 13mm diameter
pellets. The pellets were then sintered at 1373K for 3 hours in air, leading to a porous NiOYSZ pellet. The electrolyte solution was prepared by making an YSZ slurry in ethanol via
sonication. The suspension was then spin-coated over the anode pellets, and the bilayer
anode-electrolyte assembly was sintered at 1723 K for 4 hours, leading to anode and
electrolyte layers with thickness of 500 m and 15 m, respectively. A porous cathode
YSZ scaffold layer was prepared of a ball-milled mixture of YSZ 70wt%, Graphite 30wt%,
Fish oil (Sigma Aldrich) and ethanol and the mixture was sprayed over the electrolyte side
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and then sintered at 1723K. The LNO catalyst was dispersed in ethanol by sonication and
then drop coated over the YSZ scaffold, followed by sintering at 673K for 3 hours. The
final cathode had an area of 0.1 cm2. Au mesh (100 LPI, Precision Eforming) was used as
current collector, while Au wires (99.95%, Alfa Aesar) were used as electrical connections
on both electrodes.
Electrochemical Measurements
Symmetric Cells: Electrochemical impedance (EIS) studies on symmetric cells were
performed using a potentiostat (Gamry 300, Gamry Inst. Warminster, PA) at different
temperatures (773 K to 973 K) and partial pressure of oxygen (1 – 0.04 atm) at constant
flow rate (50 sccm). EIS data were fitted to an equivalent circuit and analyzed with Gamry
Echem Analyst software. Capacitance values were obtained from fitted data using the
1

relationship: 𝐶𝑖 =

(𝑅𝑖 𝑄𝑖 )𝑘𝑖
𝑅𝑖

, where k is a parameter that indicates the similarity of Q (the

non-ideal capacitor) to a true capacitor (C), obtained from model fitting.
SOFCs: Prior to testing, the NiO/YSZ anode of SOFCs was reduced overnight at 973 K
under 30% H2/N2 flow (20 sccm). Linear sweep voltammetry measurements were
performed using a potentiostat (Gamry 300, Gamry Inst. Warminster, PA). In these
experiments, the cathode was exposed to ambient air while the anode was exposed to ultrahigh purity hydrogen gas (50 sccm). The constant current studies were conducted at 973 K
by setting the current density constant at 700 mA/cm2 and measuring voltage as a function
of time. The XRD patterns and SEM images of the cathodes before and after the
electrochemical testing are shown in Figure A13, A14 and 3d, respectively.
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Table A1. DFT energetics of oxygen exchange on different LNO surfaces. Calculated
binding energies of oxygen on different sites with respect to 1/2O 2 in gas phase and the free
energy for surface oxygen exchange steps.
Binding energy of oxygen (eV)
Site

(001)-Ni

(001)-La

(100)

(111)

oxide

oxide

Surface O vacancy

-1.01

-5.78

-5.07

-0.83

Interstitial site

-0.53

-2.59

-1.73

-0.11

O adatom

-0.32

-2.45

-2.26

0.39

Free energy of surface oxygen exchange steps (forward, eV)
⎯⎯
→VO•• + Oi , s
OOX + Vi , s ⎯
⎯

0.48

3.19

3.34

0.71

⎯⎯
→ O * +OOX
O2 + VO•• + * ⎯
⎯

0.15

-6.75

-5.85

1.04

Table A2. Mass transfer analysis for the thermochemical kinetic studies. Parameters
and observable modulus for external mass transfer analysis in oxygen exchange reaction
over LNO nanostructures.
R
L
CAb
ρb
dp
φ
(x10-8 m ) (x10-7 m ) (x103 kg/m3)
(x103 kg/m3) (x10-8 m)
Catalyst
3.00
5.00
6.29
0.42
3.67
8.77
prosperity nanorods
spheres
3.00
5.47
0.09
4.98
3.00
Reactor
I.D.
Ac
v0
v0
U
Parameters for reactor
(m)
(x103 m2)
(sccm)
(x10-7m3/s)
(x10-4 m/s)
0.04
1.26
27.28
4.55
3.62
T
DAB
υ
Re
Sh
k
rex
CM
(K) (x10-4 m2/s) (x10-4 m2/s) (x10-8) Sc (x10-4) (m/s) (mol/gcat.s) (x10-2)
nanorod 803
3.86
6.62
8.23
1.71
3.43
2.11
2.57 x10-3
2.1
-3
spheres 853
4.27
7.33
7.42
1.72
3.26
2.22
2.49 x10
2.0

Solid catalyst density (CAb) was determined by water replacement method. Porosity
(φ) of each catalyst was calculated from the cumulative volume of pores (0.066 cm3/g for
LNO rods and 0.017 cm3/g for LNO spheres, determined by BJH method from the nitrogen
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adsorption/desorption at 78 K) and density of the material. Density (ρ b) of catalyst bed was
calculated by ρb= (1- φ) ρc where ρc is the solid density of catalyst pellet and is equal to the
solid catalyst density (CAb) in our system. Both the radius (R) and length (L) of each
catalytic particle were estimated from electron microscope observation, and the volumeaverage particle diameters (dp) were calculated by dp= (6V/π)1/3, where V is the volume of
the catalyst particle.205 The diffusion coefficient for the18O2-He (2% mole of 18O2 balanced
by He) binary system was calculated from previous report.206 The kinematic viscosity (υ)
was estimated to be that of pure He and calculated by υ = μ/ρ, where μ (viscosity of He)
and ρ (density of He) were obtained from the previous report.207 The external mass transfer
coefficients (kc) were calculated by Thoenes-Kramers correlation method.205 The reaction
order for oxygen exchange was considered to be 1.0 from previous report. 86

Figure A1. DFT models of the LNO surfaces. Top view of the (001)-Ni oxide terminated,
(001)-La oxide terminated, (100), and (111) surfaces with (2×2) unit cell. The cyan, green,
and red spheres represent La, Ni, and O atoms, respectively.
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Figure A2. Oxygen adsorption on different LNO surfaces. The geometries of O adsorption
on (001)-Ni oxide terminated, (001)-La oxide terminated, (100), and (111). The cyan,
green, and red, blue spheres represent La, Ni, lattice O, and adsorbed O atoms, respectively.
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Figure A3. Atomic-resolution HAADF image taken from a typical LNO nanorod with the
electron beam parallel to [100] (i.e. parallel to (001) plane). The upper-right inset illustrates
a [001] projected DFT model structure along [100] direction with La (light blue) and Ni
(green) atoms labeled along with the lattice spacing (the oxygen atoms have been removed
from the DFT model to ease the eye).
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Figure A4. Characterization of LNO nanostructures. (a) SEM image of LNO spheres. (b)
Bright field (BF) TEM image and the corresponding SAED pattern (top inset) of a LNO
polyhedron recorded along [111] zone axis. (c) SEM image of LNO nanorods. (d) BF TEM
image and the corresponding SAED pattern (bottom inset) of a LNO nanorod recorded
along the [001] zone axis.
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Figure A5. XRD patterns of the fresh prepared LNO catalysts with spherical and rodshaped geometry.
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Figure A6. Elemental composition of LNO nanostructure. Energy-dispersive X-ray (EDS)
spectrum of LNO (a) nanorods and (b) spheres.
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Figure A7. Characterization of LNO nanorods before and after reaction. Scanning electron
micrographs of LNO nanorods (a) before and (b) after the thermochemical kinetic studies.
The results suggest that LNO nanorods retaining their geometrical structure during these
conditions.
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Figure A8. Characterization of LNO spheres before and after reaction. Scanning electron
micrographs of LNO spheres (a) before and (b) after the thermochemical studies. The
results suggest that the LNO spheres retained their geometrical structure during these
conditions.
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Figure A9. Cross-section images of SOFC layers. Scanning electron micrograph (SEM)
depicting the microstructure of the electrode and electrolyte layers of reacted SOFC cells
containing a) LNO spheres and b) LNO nanorods as cathode electrocatalysts.

Figure A10. Raw EIS data for symmetric cells. Raw ASR of the symmetric cells containing
LNO nanorods (red) and spheres (black) different oxygen partial pressures (pO2): 0.8 atm
(□), 0.4 atm (○), 0.21 atm (), 0.13 atm (), and 0.04 atm (X)
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Figure A11. Capacitances of the symmetric cells. Dependence of the capacitances, C1 and
C2, on temperature for symmetric cells containing LNO nanorods and LNO spheres under
a 1 atm oxygen atmosphere at open circuit voltage.
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Figure A12. Characterization of the cathode containing LNO spheres after electrochemical
testing. Scanning electron micrographs of the cathode-containing LNO spheres as
electrocatalyst after ~ 24 hours of electrochemical studies at 973 K with cathode exposed
to air and anode exposed to H2 (50 sccm). These results suggest that the LNO spheres
retained their geometrical structure.
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Figure A13. Stability test for SOFCs containing LNO nanorods as cathode electrocatalyst.
a) Voltage as a function of time for an anode-supported SOFC composed of NiYSZYSZYSZ-LNO nanorods operating at 973 K with cathode exposed to air and the
anode exposed to 50 sccm of H2. b) SEM of the cathode containing LNO nanorods for the
cell tested in (a) after ~ 74 hours of operation at 973 K. The results suggest that LNO
nanorods retained their geometrical structure.
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Figure A14. Characterization of the LNO nanorods before and after stability studies.
XRD pattern obtained for: (i) Cathodes with nanorods deposited after electrochemical
studies at 973 K. Note that the gold paste was used as an electron conductor in the
electrochemical studies. (ii) Cathodes with nanorods deposited before reaction. These
results show that the LNO crystallographic structure did not change during the
electrochemical testing.
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APPENDIX B. SUPPORTING INFORMATION FOR EFFICIENT OXYGEN
ELECTROCATALYSIS BY NANOSTRUCTURED MIXED METAL OXIDES
1. DFT calculations and Microkinetic Modeling
The binding energy of oxygen is calculated as:
1
BEO = EO / sur − Esur − ( EO2 + hO02 )
2

(B1)

where 𝐸𝑂/𝑠𝑢𝑟 , 𝐸𝑠𝑢𝑟 , and 𝐸𝑂2 are the total energies of the slab with O adsorbed, slab with a
clean surface, and O2 in gas phase, respectively. hO2 (0.48 eV) is the correction factor
0

accounting for the overbinding of O2 by DFT-GGA.170
The transition state of O2 dissociation is located using the climbing-image nudged
elastic band (CI-NEB) method.99-100 The energy barrier (ETS) is calculated with respect to
O2 in the gas phase using equation B2.

ETS = ETS / sur − Esur − EO2 + T S

(B2)

𝐸𝑇𝑆/𝑠𝑢𝑟 represents the total energies of the transition state and slab. TΔSis the
entropic contribution. This leads to a 1.48 eV loss per O2 molecule at an operating
temperature of 500 ℃ and O2 partial pressure of 0.21 atm, based on the reported calculated
method.208During the DFT calculations, the spin of the system is allowed to relax for all
images along the reaction coordinate to obtain reasonable barriers. This is important in
obtaining an accurate magnetic moment for oxygen in adsorbed O 2, which increases
gradually as the O-O bond is elongated. The spin flips observed have also been reported in
the literature, and generally have shown to lead to accelerated reaction rates. 209-210
Oxygen exchange between gas-phase O2 and oxygen in solid oxides has been
reported to occur through three different overall reactions based on the number of oxygen
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exchanged with the oxides.63, 183, 211-214 One of these processes is known as homoexchange
and involves the dissociation of two oxygen molecules on the surface and the exchange
with each other, where no oxygen is exchanged with the oxide lattice oxygen. This process
generally proceeds at elevated temperatures and has minimum contribution from the
oxides.212 Therefore, it is not considered here. The heteroexchange process, which involves
the exchange of gas-phase oxygen with one or two lattice oxygen of the oxide, is more
appropriate at describing the surface oxygen exchange process on R-P oxides. To model
this process using DFT, the following surface oxygen exchange mechanism, described by
four elementary steps has been adopted (Figure B2)52, 155, 157:

OOX + Vi → VO•• + Oi

step 1

O2 + VO•• + * → O * +OOX

step 2

O * +OOX → O2 + VO•• + *

step 3

Oi + VO•• → OOX + Vi

step 4

where 𝑂𝑂𝑋 is the surface lattice oxygen, 𝑉𝑖 is a vacant interstitial site in the rock salt layer,
𝑂𝑖 is an interstitial oxygen in the rock salt layer, 𝑉𝑂·· is an oxygen vacancy site on the surface
layer. The first step is the generation of a surface oxygen vacancy via a surface lattice
oxygen diffusion into an interstitial site. The second step involves the dissociation of gasphase O2 on this surface oxygen vacancy with one oxygen atom filling in the surface
oxygen vacancy and the other one binding to the surface as an oxygen adatom. In the third
step, evolution of the oxygen from the oxide to gas phase occurs via the oxygen adatom
association with a surface lattice oxygen, leaving behind a surface oxygen vacancy.
Lastly, the interstitial oxygen is transported to a surface oxygen vacancy to close the
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catalytic cycle. These four elementary steps can also be simply combined into two
reversible steps:
OOX + Vi

step 5 O2 + VO•• + *

VO•• + Oi

k1
k−1

O * +OOX

k2
k−2

step 6

A microkinetic modeling is used to calculate the rate of the surface oxygen exchange
at 500 ℃ and O2 pressure of 0.21 atm. The equilibrium and steady-state approximation is
used to determine the coverage of intermediates and the vacant active sites:

k1O X Vi = k−1Oi V ••
O

(B3)

O

k2*V •• PO2 = k−2O*O X

(B4)

O X + V •• = 1

(B5)

 O* + * = 1

(B6)

Vi + Oi = 1

(B7)

O − V = 0

(B8)

O

O

i

O

O

••
O

The coverages of surface oxygen vacancy ( V •• ) and oxygen adatom (  O* ) are
O

expressed as:

V =
••
O

 O* =

k1 − k1k−1
k1 − k−1

(B9)

k2V •• PO2
O

k2V •• PO2 + k−2 (1 − V •• )
O

O

=
1+

1
k−2 (1 − V •• )

(B10)

O

k2V •• PO2
O

The rate constant (k) for each elementary step is calculated using equation B11215:
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k=

kbT
exp(− Ea / RT )
h

(B11)

where kb, h, and Ea are the Boltzmann constant, Planck constant, and activation barrier,
respectively. We note that Ea is an effective barrier involving the entropic contribution for
the adsorption/desorption steps, as shown in equation B2.

Figure B1. The structures of B-site terminated (001) surfaces for first-series R-P oxides
with mixed B-site transition metals. The cyan, green/blue, and red spheres represent La,
transition metal, and O atoms, respectively.
The exact distribution of the dopant per atomic layer in R-P oxides is difficult to
predict theoretically due to the large number of possible structures. To theoretically
determine the dopant effect on the activity, a homogenous distribution is considered to
assure that all the oxides have the same geometric structure. This allows for a systematic
link between the chemical composition and activity of these oxides on geometrically
similar sites. The general distribution of the B-site metals in the structure is supported by
our EDS line scan data, which shows homogeneous-like distribution of the B-site elements
in the nanostructures of the different oxides (Figures B6-B9).
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Figure B2. Proposed mechanism for surface oxygen exchange on first-series R-P oxides.
Red, dashed white, and white spheres represent the O atoms, vacant interstitial sites, and
surface oxygen vacancies, respectively.
2. Oxygen Isotopic Exchange Model
Oxygen exchange has been reported to occur via a heteroexchange of gas phase
oxygen with oxygen in the non-stoichiometric mixed ionic-electronic conducting oxides.63,
183

The heteroexchange process for surface oxygen exchange between isotopic labeled 18O2

and the oxygen in R-P oxides can be described using reactions 1-4:
18

O2 +16 Oi

16

O18O +18 Oi

rxn 1

16

O2 +18 Oi

16

O18O +16 Oi

rxn 2

16

O18O +16 OOX

16

O2 +18 OOX

rxn 3

16

O18O +18 OOX

18

O2 +16 OOX

rxn 4

The corresponding elementary steps involved in these reactions are described using
steps 7-12:
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OOX + Vi

16

VO•• + 16Oi

k1
k−1

step 7
OOX + Vi

18

O2 + VO•• + *

18

O2 + VO•• + *

16

VO•• + 18Oi

k1
k−1

k2

k2

O * + 16OOX

k−2

18

step 9

O * + 16OOX

step 10

16

k−2

k−2

O * + 18OOX

18

k−2

O * + 18OOX

16

step 8

O 18O + VO•• + *

step 11

O 18O + VO•• + *

step 12

16

k2

16

k2

The expressions for the coverages of the oxygen species, surface oxygen vacant site,
and interstitial vacant site are obtained by assuming equilibrium between the surface and
bulk oxygen (steps 7-8), and steady state approximation for all the other elementary steps
(9-12). Based on these assumptions, the following expressions are obtained:

k1 16 O X Vi = k−1 16 O V ••

(B12)

k1 18 O X Vi = k−1 18 O V ••

(B13)

O

i

O

O

i

O

dVi / dt = k−1 16 O V •• + k−1 18 O V •• − k1 16 O X Vi − k1 18 O X Vi = 0
i

O

i

O

O

(B14)

O

d 16 O* / dt = k2C16 O *V •• + k2C16 O18O*V •• − k−2 16 O* 16 O X − k−2 16 O* 18 O X = 0

(B15)

d 18 O* / dt = k2C18 O *V •• + k2C16 O18O*V •• − k−2 18 O* 18 O X − k−2 18 O* 16 O X = 0

(B16)
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O

2

O

O

O

O

O

O

O

d 16 O X / dt = k−1 16 O V •• + k2C16 O18O*V •• + k2C16 O *V •• − k1 16 O X Vi − k−2 16 O* 16 O X − k−2 18 O* 16 O X = 0
O

(B17)

i

O

O

2

O

O

O

O
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d 18 O X / dt = k−1 18 O V •• + k2C16 O18O*V •• + k2C18 O *V •• − k1 18 O X Vi − k−2 16 O* 18 O X − k−2 18 O* 18 O X = 0
O

i

O

O

2

O

O

O

O

(B18)
where C16 O ,

C16 O18O

2

, and C18 O are the concentrations of
2

16

O2,

16

O18O, and

18

O2,

respectively. The measured partial pressures are converted to concentrations using ideal
𝑝

𝑛

gas law (𝐶𝑖 = 𝑅𝑇𝑖 ; where 𝐶𝑖 is defined as 𝑉𝑖). The following site balances are used assuming
that all sites are energetically equivalent:

 16 O X +  18 O X + V •• = 1

(B19)

 16 O +  18 O + Vi = 1

(B20)

 16 O +  18 O = V ••

(B21)

 16 O* +  18 O* + * = 1

(B22)

O

O

i

O

i

i

i

O

Based on equations B12-B22, the coverages of the surface oxygen vacancy ( V •• ),
O

lattice oxygen (  16 O X and  18 O X ), and adsorbed oxygen (  16 O* and  18 O* ) can be determined
O

O

using equations B23-B28:

V =
••
O

* =

k1 − k1k−1
k1 − k−1

(B23)

k−2 (1 − V •• )
O

k2V •• (C16 O + 2C16 O18O + C18 O ) + k−2 (1 − V •• )
O

2

2

O

(B24)



16

O*

=

k2*V •• (C16 O − C18 O ) + k−2 (1 − V •• )(1 − * )
O

2

2

O

2k−2 (1 − V •• )
O

(B25)
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 18 O* = 1 − * −  16 O*


16

OOX

=

(B26)

k2*V •• (C16 O18O + C16 O )
O

(B27)

2

k−2 (1 − * )

 18 O X = 1 − V •• −  16 O X
O

O

(B28)

O

At a given temperature, the rates of 16O2, 16O18O, and 18O2 formed can be determined
using equations B29-B31:

r16 O = k−2 16 O* 16 O X − k2C16 O *V ••

(B29)

r18 O = k−2 18 O* 18 O X − k2C18 O *V ••

(B30)

2

2

O

2

O

2

O

O

r16 O18O = k−2 16 O*18 O X + k−218 O*16 O X − 2k2C16 O18O*V ••
O

O

To model the transient curves for

(B31)

O

16

O2,

16

O18O, and

18

O2 generated from oxygen

exchange in a plug flow reactor, the following governing equation is used:
Ci
C 
= −u i + B ri
t
z


(B32)

where Ci is the concentration of species i (i =

16

O2,

18

O2 and

16

O18O). The following

boundary conditions are based on the isotopic switch from 16O2 to 18O2:
I.

z = 0, Ci = Ci0

II.

z = L, [ ∂zi ]

∂C

z=L

=0

where L is the axial length of the catalyst bed. Based on these boundary conditions,
equation B32 is solved numerically to obtain the concentration (or partial pressure) of the
species i at each time on MATLAB® using Levenberg-Marquardt non-linear least squares
regression algorithm. During the calculations, the values for pre-exponential factors and
activation energies are solved using an initial guess value (resulting in k 2, and k-2 values,
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accordingly) for steps 9-12 considering both forward and reverse reactions. In the case of
steps 7-8, only the forward reaction parameters are solved to obtain k 1. To determine k-1,
the equilibrium constant for steps 7-8 is used as shown below:

K eq =

( 16 O +  18 O )V ••
i

i

( 16 O X +  18 O X
O

O

 O V

O2
=
=
)V O V (1 −  O ) 2
O

k k1 (1 − Oi )
k−1 = 1 =
Keq
O2i

i

i

X
O

••
O

i

i

(B33)

i

2

(B34)

Keq can be estimated from the concentration of the interstitial oxygen, δ, in these RP oxides, which is experimentally determined using iodometric titrations. 216Given the
challenge with determining accurately the value of δ under equilibrium conditions, we have
adopted a method where the oxide undergoes oxygen exchange at 500°C, followed by rapid
cooling to room temperature to obtain the δ values. 159, 217 The catalyst samples are then
dissolved in HCl, followed by addition of KI solution in an N2 saturated environment. This
is titrated against a solution of 0.02 N sodium thiosulfate using starch solution as the
indicator. The concentration of interstitial oxygen in Fe-LNO, Co-LNO, LNO, and CuLNO is determined to be ~0.13, 0.10, 0.09, and 0.07, respectively. We note that this is an
approximation of the actual concentration of the interstitial oxygen under equilibrium
conditions, but we find that changes (~ ± 30-40%) to these values have a minimal effect on
the activity trends for the oxides.
In the model fitting process, the sum-squared error (SSE) is minimized between the
data obtained from the model ( X mod el ) calculated from equation B32 and the experimental
data ( X exp. ).
n

SSE =  ( X iexp. − X imod el )2
i =1

(B35)
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In this comparison, only the exchanged

18

O2 are used, which can be determined

using the 18O2 concentration at the beginning of the isotope switch. 183 For exchange on CoLNO at 450 °C as an example, the initial 18O2 partial pressure is 0.017 atm, suggesting that
~ 90 % of the inlet 18O2 are just flowing over the catalyst bed and do not participate in the
exchange process (Figure 5.4 in the main text)
3. Synthesis of Nanostructured R-P oxides
As an example, we discuss the detailed method used to prepare La2Ni0.88Co0.12O4+δ.
Into two separate round bottom flasks, ~0.03 mol CTAB, 11 ml n-butanol, and 56 ml
hexanes are added. The base and the metal salt solutions are prepared in de-ionized water
in two separate vials. The base solution is prepared by dissolving ~0.02 mol KOH in 5.6
ml de-ionized water. The metal salt solution is prepared by dissolving 4 mmol
La(NO3)3·6H2O (99.999%, Sigma Aldrich), 1.75 mmol Ni(NO3)2·6H2O (98%, Alpha
Aesar), and 0.2 mmol Co(NO3)2·6H2O (99.999%, Sigma Aldrich) in 0.8 ml de-ionized
water. The base solution is added to one of the round bottom flasks and the metal salt
solution is added to the other one. Vigorous stirring and intermittent ultrasonic treatments
are carried out to obtain a transparent microemulsion suspension in each flask. Thereafter,
the two microemulsions are mixed and stirred at 1100 rpm for 4 hours. The resulting gel is
separated from the suspension by centrifugation (8000 rpm, 3 min) and washed with
ethanol (3 times, 35 ml each time) and then de-ionized water (3 times, 35 ml each time).
Each washing comprised of adding an appropriate solvent, mixing and intermittent
ultrasonic treatment to disperse the solids and subsequent centrifugation at 8000 rpm for 3
minutes. The rest of the nanostructured R-P oxides are prepared by an analogous method.
The obtained solids are all dried for 12 hours at 80 ℃ and calcined under an Ar flow at 825925 ℃.
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Figure B3. Powder XRD spectra for a) Co-LNO, b) Cu-LNO, c) Fe-LNO, d) LNO, and e)
standard bulk LNO (JCPDS No. 34-0314). All XRD data here and thereafter are collected
on a Bruker Phase II diffractometer with a Cu radiation source operating at 30kV, 10 mA,
and equipped with a LYNXEYE detector.
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Figure B4. SEM images of a) Cu-LNO, b) Fe-LNO, and c) LNO as synthesized. Similar
to Co-LNO shown in the main text, uniform, nanorod morphologies are also observed for
these oxides.

Figure B5. LEIS spectra for a) Fe-LNO, b) Co-LNO, and c) LNO.
LEIS spectra are collected after a dose of 0.5 x1015 ions cm-2 of 0.5 keV Ar+. For all
the oxides, the La peak appears at ~2875 eV and the Ni appears at ~1250 eV. Slightly
broader peaks for the mixed B-site transition metals are found on both Fe-LNO and CoLNO, which can be attributed to the effect of the dopant peaks overlapping with Ni.
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Figure B6. STEM/EDS characterization of Co-LNO nanorods for three different regions
indicated by b, c, and d line scans. The HR-STEM image clearly shows the surface structure
of Co-LNO nanorod with the layered R-P oxide structure. Three different line scans (b, c,
and d) along the surface of the nanorod are conducted and the normalized intensities of La,
Ni and Co are plotted on the right. Two observations can be obtained: (i) Ni and Co are
both detected in the surface layer suggesting the B-site termination of the surface, and (ii)
Co is uniformly distributed throughout the structure.
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Figure B7. Pre- and post-reaction STEM/EDS characterization of Co-LNO nanorods. a)
STEM image of the as-synthesized Co-LNO before the reaction along with the line used
for EDS scanning. b) Normalized intensities of La, Ni, and Co for the indicated EDS line
scan in a. c) STEM image of Co-LNO after the reaction and d) the elemental distribution
along the EDS line scan in c. The projection axis and the FFT patters of the TEM images
of a and c are indicated as insets.
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Figure B8. Pre- and post-reaction STEM/EDS characterization of Fe-LNO nanorods. a)
STEM image of the as-synthesized Fe-LNO before the reaction along with the line used for
EDS scanning. b) Normalized intensities of La, Ni, and Fe for the indicated EDS line scan
in a. c) STEM image of Fe-LNO after the reaction and d) the elemental distribution along
the EDS line scan in c.
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Figure B9. Pre- and post-reaction STEM/EDS characterization of Cu-LNO nanorods. a)
STEM image of the as-synthesized Cu-LNO before the reaction along with the line used
for EDS scanning. b) Normalized intensities of La, Ni, and Cu for the indicated EDS line
scan in a. c) STEM image of Cu-LNO after the reaction and d) the elemental distribution
along the EDS line scan in c.
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Figure B10. AR-XPS spectra of La, Ni, and Co for Co-LNO collected at 0° and 80° tilt
angle with respect to the normal surface at 0°.
The corresponding detected depths are ~5.0 and 1.3 nm, based on literature. 176 The
solid lines represent 4d 5/2, 3p 3/2, and 2p 3/2, while the dotted lines represent 4d 3/2,
3p1/2, and 2p 1/2 for La, Ni, and Co, respectively. La spectra (a and d) show two different
peaks due to spin orbit coupling.218 The oxidation states are calculated based on the binding
energy data given in the NIST XPS website and from previous reported studies on La3+,
Ni2+, and Co2+ oxides.39, 177-182 The observed oxidation states of La3+, Ni2+, and Co2+ at both
depths are consistent with that in the R-P structure, suggesting that Co dopants are
uniformly distributed in Co-LNO without reconstructing at the near surface, contrary the
reported near-surface reconstruction for other R-P oxides.156
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Figure B11. XPS spectra of La and Ni for LNO. The solid lines represent 4d 5/2 (La) and
3p 1/2 (Ni), while the dotted lines represent 4d 3/2 (La) and 3p3/2 (Ni).
The two different peaks for La spectra stem from the spin orbit coupling. 218 The
oxidation states of La3+ and Ni2+ are consistent with that in the R-P structure.
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Figure B12. Normalized transient response curves for isotopic oxygen exchange on FeLNO at an oxygen partial pressure of 0.02 atm and a temperature of 450 °C (a), 475 °C (b),
500 °C (c), and 525 °C (d). The symbols and solid lines refer to the experimental and model
fitted data, respectively.
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Figure B13.Normalized transient response curves for isotopic oxygen exchange on LNO
at an oxygen partial pressure of 0.02 atm and a temperature of 450 °C (a), 475 °C (b), and
500 °C (c). The symbols and solid lines refer to the experimental and model fitted data,
respectively.
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Figure B14.Normalized transient response curves for isotopic oxygen exchange on CuLNO at an oxygen partial pressure of 0.02 atm and a temperature of 450 °C (a), 475 °C (b),
500 °C (c), and 525 °C (d). The symbols and solid lines refer to the experimental and model
fitted data, respectively.
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Figure B15. A reversed “volcano”-type relationship for the barrier of the rate-limiting step
extracted from the experimental fitted model as a function of the binding energy of O 2 on
a surface oxygen vacancy on R-P oxides.
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Figure B16. Post-reaction SEM images of a) Cu-LNO, b) Co-LNO, c) Fe-LNO, and d)
LNO nanorods.
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Figure B17. Post-reaction XRD characterization of a) Co-LNO, b) Cu-LNO, c) Fe-LNO,
and d) LNO.
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Figure B18. (a) Impedance spectra for R-P oxides–YSZ | YSZ | YSZ–R-P oxides
symmetric cells operating at pO2 = 1 atm and 600 ℃. The equivalent circuit used to fit the
polarization resistance curves is shown as an inset. (b) Area specific resistance for R-P
oxides–YSZ | YSZ | YSZ–R-P oxides symmetric cells as function of O2 binding energy on
a surface oxygen vacancy at 600 ℃.
In the spectra (Figure B18a), Relectrolyte refers to the ohmic losses induced by the
electrolyte, while Zelectrode refers to the polarization resistances from the electrodes, obtained
by normalizing the raw impedance data using the electrode geometrical area (S = 0.1 cm2).
The Zelectrode of the electrochemical cells containing R-P oxides is fitted using an equivalent
circuit of the type LRe(RiQi)(RiiQii) (Figure B18, inset). Here L denotes the inductance
caused by the electrical connections and Re represents the ohmic resistance from the YSZ
electrolyte. The circuit elements composed of two resistances in parallel with two constant
phase elements (RiQi and RiiQii) are related to the Zelectrode occurring at high (RiQi) and low
frequency (RiiQii) ranges in the electrode. The area specific resistances (ASRs) are
calculated as ASR = Rx/2 (x = i or ii).
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Figure B19. SEM image (a) and XRD spectrum (b) of as-synthesized La2Ni0.75Co0.25O4.

Figure B20. Electrochemical performance of SOFCs containing LNO nanorods, Co-LNO
nanorods, and Ba0.5Sr0.5Co0.8Fe0.2O3 (BSCF) at 600 ℃.
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Figure B21. XRD spectrum (a), SEM image (b), and EDS spectrum (c) of the assynthesized Ba0.5Sr0.5Co0.8Fe0.2O3.
Synthesis of Ba0.5Sr0.5Co0.8Fe0.2O3 (BSCF) is adopted from literature.219 It involves
dissolving appropriate amounts of the metal salts (barium, strontium, and cobalt nitrates;
iron chloride) in de-ionized water. The pH of the solution is adjusted to ~3 by adding HCl.
An aqueous solution of ammonium oxalate is added dropwised to the salt solution and
stirred until the solids are precipitated from the solution. The solids are separated via
centrifugation and the resultant precipitate is dried at 250 ℃ for 8 h, followed by calcination
in air at 1050 ℃ for 5 h.
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Figure B22. Post-reaction XRD/SEM characterization of BSCF containing electrodes.
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Figure B23. Stability test for anode-supported SOFCs containing Co-LNO nanostructures
at the cathode. (a) Galvanostatic test (at 720 mA cm-2) measured over 140 h at 700 ℃. (b)
SEM images of SOFC cathode containing Co-LNO nanorods after 140 hours of operation.
(c) XRD spectra of SOFC cathode after electrochemical studies (blue), SOFC cathode
before reaction (black), and standard bulk LNO (red).
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Table B1. Calculated barriers and Gibbs free energy change for surface lattice O diffusion
into an interstitial site and O2 dissociation on surface O vacancy on B-site terminated (001)
surface of R-P oxides at 500 ℃ and 0.21 atm. The values for the undoped oxides are adopted
from the literature.157

OOX + Vi → VO•• + Oi

O2 + VO•• + * → O * +OOX

ETS(eV)

ΔG(eV)

ETS(eV)

ΔG(eV)

La2MnO4

1.30

0.39

-1.35

-2.31

La2FeO4

1.44

0.13

-0.85

-1.77

La2CoO4

1.15

-0.04

0.21

-0.49

La2NiO4

1.61

0.32

1.90

1.76

La2Ni0.5 Al0.5O4

1.71

0.27

-2.58

-2.84

La2Ni0.5Mn0.5O4 1.79

0.21

-0.75

-1.97

La2Ni0.5 Fe0.5O4

1.57

0.29

-0.21

-1.21

La2Ni0.5Co0.5O4

1.14

0.18

0.56

-0.12

La2Ni0.5Cu0.5O4

1.96

1.28

1.99

1.83
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Table B2. Calculated binding energies of O adatom ( BEO ), O2 on a surface O vacancy (

BEO2 ),

and surface O vacancy formation energies ( EV •• ) on B-site terminated (001)
O

surface of R-P oxides. EV •• is calculated with respect to a half O2 in gas phase with the
O

consideration of entropic contribution at 500 ℃ and 0.21 atm. The values for the undoped
oxides are adopted from the literature.157

BEO (eV)

BEO2 (eV)

EV •• (eV)

La2MnO4

-0.61

-3.47

3.35

La2FeO4

-0.43

-2.61

2.08

La2CoO4

0.15

-2.06

1.38

La2NiO4

1.35

-1.18

0.33

La2Ni0.5 Al0.5O4

-0.83

-4.67

4.36

La2Ni0.5Mn0.5O4

-0.42

-2.99

3.04

La2Ni0.5 Fe0.5O4

-0.03

-2.39

1.92

La2Ni0.5Co0.5O4

0.37

-1.80

1.23

La2Ni0.5Cu0.5O4

1.22

-1.19

0.14

O

169

Table B3. Literature reported performances for various YSZ-based SOFCs at intermediate
temperatures.
Literature

Cell Composition
anode/(electrolyte)/cathode

Temperature

Power

(°C)

Density
(W/cm2)

This work

Ni-YSZ/(YSZ_15μm)/YSZ-Co-doped LNO

Ni-YSZ/(YSZ_15μm)/YSZ-BSCF

550

0.2

600

0. 34

550

0.08

600

0.17

Xu et al., (2005) 220

Ni-SDC/(YSZ)/ Y0.25Bi0.75O1.5-Ag

600

~0.093

Moon et al., (2008) 221

Ni-YSZ/(YSZ)/La0.8Sr0.2MnO3-YSZ

600

~0.1

Liu et al., (2004) 222

Ni-GDC/(YSZ)/LSM-GDC/LSM-LSC-GDC/LSC-

600

0.138

550

0. 056

600

0. 1

650

0. 17

Ni-YSZ/(YSZ)/La0.8Sr0.2MnO3-YSZ

650

0.39

Sn-doped Ni-YSZ/(YSZ)/ La0.8Sr0.2MnO3-YSZ

650

0.41

Leng et al. (2004) 225

Ni-YSZ/(YSZ)/LSM-YSZ/ La0.72Sr0.18MnO3

650

0.14

Tsai et al., (1997) 226

Ni-YSZ/YDC/(YSZ/YDC)/La0.85Sr0.15MnO3-YSZ

500

~0.043

550

~0.09

600

~0.154

GDC

Tsai & Barnett.,
(1997)

Ni-YSZ/(YSZ)/La0.8Sr0.2MnO3

223

Kan & Lee (2010) 224

Kim et al., (2016) 227

Ni-YSZ/(YSZ/GDC)/La0.6Sr0.4Co0.2Fe0.8O3-GDC

600

0.2

Choi et al., (2014) 228

Ni– GDC/(YSZ/GDC)/La0.6Sr0.4Co0.2Fe0.8O3–GDC

600

0.208
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Lim & Virkar (2009)

NiO-YSZ/(YSZ/GDC)/LaCoO3-GDC

650

~0.14

Ni-YSZ/(YSZ_330nm)/GDC_6 μm)/La0.5Sr0.5CoO3-

650

0.18

229

Cho et al., (2011) 230

GDC*

* Reported low OCV > 0.67V at 750 °C)
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FUNDAMENTAL INSIGHTS ON THE ELECTROLYSIS OF CO2USING SOLID
OXIDE ELECTROLYSIS CELLS
by
JULIANA CARNEIRO
December 2019

Advisor: Eranda Nikolla
Major: Chemical Engineering
Degree: Doctor of Philosophy

The work reported in this thesis focused on providing a fundamental understanding,
at the molecular level, required to guide the effective design of electrocatalysts towards a
superior reaction kinetics on the electrode of solid oxide electrolysis cells SOECs devices
(SOECs) during the CO2 electrolysis. High temperature SOECs are electrochemical energy
conversion technologies, that have emerged as promising alternatives to mitigate
environmental issues associated with combustion-based technologies, such as the rising
atmospheric CO2 levels. The conversion of excess CO2 into high-energy molecules, such
as CO can be efficiently achieved through the use of SOEC – which facilitates the
electrochemical reduction of CO2 to CO using energy from renewable sources. In addition
to CO2 reduction, co-electrolysis with H2O in SOECs is also a possibility, facilitating the
generation of syngas (CO + H2), a valuable precursor for the synthesis of synthetic fuels.

204

However, the main issue associated with this process is the large overpotential (i.e., surplus
applied potential) required to allow the electrochemical transformations in the SOEC
during the CO2 reduction.
To tackle this problem, a combination of theoretical and experimental approaches
is used, aiming to obtain insights on the underlying factors governing the electrode
reactions associated with the electrochemical CO2 reduction process (i.e., CO2 reduction in
the

cathode

and

oxygen

evolution

(OER)

in

the

anode).

Theory-guided

structural/compositional-performance relationships were developed and validated,
fostering the development of electrocatalysts that can lower the energy barrier associated
with the relevant electrode reactions and reducing the overall overpotential losses during
electrochemical reduction of CO2 in SOECs.
The OER is governed by surface oxygen exchange process, and as such, an
understanding about the processes governing this reaction was first obtained. Using
La2NiO4 as model electrocatalysts and through a combination of well-controlled synthesis
method,

detailed

surface

characterization

and

effecting

thermochemical

and

electrochemical testing, it was possible to bridge the gap between electrocatalysts
formulation and the calculated energetics associated with oxygen catalytic processes on
their surface. The studies showed that electro/chemical oxygen exchange is surface
structure sensitive on this type oxides, with the B-site terminated surfaces being the most
active for oxygen electrocatalysis. Furthermore, it was demonstrated that nanostructured
Co-doped La2NiO4 is a highly active electrocatalysts for oxygen exchange, owing to its best
compromise between the energetics associated with O2 dissociation and surface oxygen
vacancy formation, which can be predicted by the binding energy of O2 on a surface oxygen
vacancy.
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Finally, we experimentally demonstrated that O2 binding energy is also a good
activity descriptor for the electrochemical CO2 reduction on SOECs. The electrochemical
activity of Ni, Pd and Fe were assessed, revealing that Fe possess a higher electrochemical
activity and selectivity towards CO2 reduction. This is owing to the stronger oxyphilic
nature of Fe as compared to Ni and Pd. However, electrochemical stability studies
demonstrated that long term stability issues, as consequence of the surface oxidation of Fe,
emerges as side effect of the oxyphilic nature of Fe. Potential approaches to alleviate this
issue are proposed.
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